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Abstract

The basic problem investigated was that of noise generated by air
flow through a coaxial obstruction in.a long, straight pipe. This study
concentrated on the modal characteristics of the noise field inside the
pipe and downstream of the restriction.

Two measurement techniques were developed for. separation of the noise
into the acoustic duct modes. The instantaneous mode separation technique
uses four microphones, equally spaced in the circumferential direction,
at the same axial locationm. _Instantaneous addition of various microphone.
outputs separates the (0,0), (1,0), and (2,0) modes. Higher modes can
be separated approximately.

The time-averaged mode separation technique uses three microphoies
mounted at the same axial location. A matrix operation on time-averaged
data produces the modal pressure levels. This technique requires the re-
strictive assumption that the acoustic modes are uncorrelated with each
other. Comparison of the results of the two techniques shows that this
is in fact the case, for the type of noise source examined in this study.

Dowustream modal pressure spectra in the 200-6000 Hz frequency rauge
were measured for orifices and nozzles ranging in diameter from 3.18 to
50.8 mm. The shape of the modal frequeéncy spectrum was found to be deter-
mined by the frequency ratio, fr = #%E = UiD/aod.. This parameter is the
ratio of two nondimensional frequencies, Y, which controls acoustic prop-
agation inside circular ducts, and St, which scales the jet noise spectrum
shape. At low fr (< 3) the higher modes dominate the noise gpectrum
above their cutoff frequencies, while for higher fr all modes are of
approximately equal amplitude. The nature of large-scale turbulence
structures in the region of the jet near the nozzle exit may be used to
explain these phenomena.

The measured modal pressure spectra were converted to modal power
spectra and integrated over the frequency range 200-6000 Hz. The acoustic
efficiency levels (acoustic power normalized by Jjet kinetic energy flow),
when plotted vs. jet Mach number, showed a strong dependence on the ratio
of restriction diameter to pipe diameter. pividing the efficiency levels

by the area ratio produced the correlation n/(d/D)2 = 3,47 % 10-5 M:'G,

X




valid over a reasonable range of (d/D). The acoustic efficiency levels
of the nozzles and orifices agreed.closely, when the comparison was made
using nozzle exit plane and orifice vena contracta conditions.

In a separate part of the study, acoustic energy flow.expressions
were developed for the case of a hard-walled cylindrical duct containing
a sheared mean flow. Formulations using three different approaches were
examined: (i) the thermodynamic energy equation, (ii) the conservation
equatiou of Blockhintsev, i.e., the geometric acoustics limit, and (iii)
the conservation.principle. of Mohring.

The acoustic energy flux derived from the thermodynamic energy equa-
tion consists of. the flow work (< p';“ >) of the acoustic wave plus the
acoustic energy density convected by the mean flow. This flux is.con-
served in a constant-area duct containing a sheared mean flow, but is not
conserved in a general, nonuniformly moving medium.

Comparison of the Mohring and Blockhintsev energy flux expressions
defines the extent to which the geometric acoustics limit is valid. To
assess this, these energy flux expressions were compared for 1/7th power
mean flow profiles with centerline Mach numbers up to 0.9. For the (0,0)
mode, the differences were uniformly small for low and high frequencies.
For the higher modes, the differences were greatest at frequencies near
cutoff and approached those seen for the (0,0) mode at higher frequencies.
The general validity of the geometric acoustics limit was remarkable.

The values of the energy flux expressions calculated for sheared mean
flow profiles were compared to approximate values obtained using a slug
flow prcfile with the same overall flowrate. The agreement was very poor,
except for the (0,0) mode at low frequencies and the higher modes close
to their cutoff frequencies.

The acoustic energy flow analyses based on the thermodynamic energy
equation and on the results of MShring both resulted in orthogonality
properties for the eigenfunctions of the radial mode shape equation. These
orthogonality relationships involve the eigenvalues and derivatives of the

radial mode shape functions.
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Nomenclature

Engligh Letter Symbols

a Adiabatic speed of sound, a = ‘lg—g .
C Modal amplitude coefficient. °
d Orifice or nozzle diameter.
D Pipe inside diameter.
e Unit vector.
EWF Energy weighting function (see Chapter 4).
£ Frequency
fr Frequency ratio, fr = UiD/aod.
for Frequency based on Strouhal number, fg = O.2(Ui/d).
o S Enthalpy
1 /1.
3; Acoustic intensity (see Chapter 4).

' k Wavenumber, k = w/a_.

= k Nondimensionalized axial wavenumber, k = kz/k.
K K= (1-KkM).
Lt Nozzle throat length.
myn Acoustic duct mode numbers (m - circumferential, n = radial)
m Mass flow rate.
M Mach number, M = U/a.
p Pressure.
p' Acoustic pressure.
Po Mean flow pressure; stagnation pressure.
P(r,0) Acoustic pressure mode shape function, see p. 8.
pw(e) Fluctuating pressure measured at inner pipe wall.
xii




P Acoustic. power.

r Radius,
r, Duct radius.
T Nondimensionalized radius, T = r/ro.
R(T) Radial-mode shape function.
Re Reynolds number, Re = piUid/ui.
s ¥ntropy; duct cross section.
St Strouhal number, St = fd/U.
t Time.
T° Stagnation temperature.
u Velocity (scaler).
u' Acoustic velocity (scaler).
U Mean flow velocity (scaler).
; v Velocity (vector).

v' Acoustic velocity (vector).

V; Mean flow velocity (vector).

v(r,0) Acoustic velocity mode shape function, see p. 8.
z Axial coordinate.

z Normalized axial coordinate, z = kz.

;5 Axial location of measurements.

Superscripts

() Acoustic fluctuation.
B Blockhintsev.

M Mohring.

P Physical

* Complex conjugate.
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Subscripts

ac
a
b
cr
t

hydro

mn

Acoi stic.

Portion of acoustic power that is independent of Z.
Portion of acoustic power that is not independent of z.
Value for mode cutoff.

Duct.centerline.

Hydrodynamic.

Indicated conditions of vena contracta of orifice jet or exit
plane of nozzle jet.

Refers.to (m,n) acoustic duct mode.

Mean flow conditions; stagnation conditions.
Component in radial direction.

Duct inside wall.

Component in axial direction.

Component in circumferential direction.

Greek Letter Symbols

Reduced frequency, Y = wrolao; ratio of specific heats.
Represents quantity = %'g% (pa).

Shear layer. thickness; uncertainty in a measurand.

Small parameter in perturbation expansion.

€n = 0, m= 0; € = 1, m=1, 2, 3, «.. .

Acoustic efficiency, n =1§/&%~&Ui)

Circumferential coordinate.

Zeros of é% (Jm(x)) ;. absolute viscosity.

Acoustic energy density (see p. 45).

Density

Acoustic density.
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P Mean..flow density.
¢ Acoustic duct mode phase angle,
w

Circular frequency,

Special Symbols

[ ] Mean square value.

< > Time-averaged value.




Chapter 1

INTRODUCTION AND OBJECTLVES

Noise generation by internal flows and propagation in ducts- are sub-
jects of .concern in many technical areas. The noise levels generated by
flow metering and throttling equipment in power plants and. chemical plants.........
are often. very high, causing annoyance and in some cases hearing damage

to workers in the vicinity of the equipment. . In many applicatiuns, fans -

and. compressors generate noise levels inside pipes and .ducts comparable
to those produced by flow throttling equipment, with the same undesirable
results.. A substantial quantity of fundamental research has been directed
towards fan and compressor noise, principally because of the aircraft
engine noise problem. The present research program is a. fundamental study
of the former, less well-known problem, that of noise generation by flow
through obstructions in pipes.

The physical problem under investigation is {1lustrated in Fig. 1.

Typically, a low to moderate speed flow approaches a restriction in a

pipe. A high-speeu turbulent jet, surrounded by a very low velocity re-
circulation zone, forms just downstream of the restriction. The jet width
grows with distance downstream of the restriction, until the flow eventu-
ally reattaches to the pipe wall. 1In industrial applications, the geom-
etry of the restrictions (valves, flow regulators, ete.) is often complex,
and the pressure drop across. the device may be.large enough to produce
regions of supersonic flow and strong shocks downstream of the restriction.
Wolse generation by restrictions causing very high pressure drops has been
studied by Witczak (1976); the present rescarch considered the subsonic
flow regime. Restrictions of simple geometry (orifices and nozzles) were
chosen for this fundamental study.

For discussion purposes, the tlow field can be separated into two
reglons. The first region is the source region, in which the noise is
actually generated.  In the second region the noise only propagatess there
{s no significant noise generation. These reglons are {ndicated in Fig. 1.

The nolse generation and flow characteristics of the source region arc

very similar to the case of a free jet. Ina free jet, the kinetic enerpy

1 i




of the jet is dissipated by turbulent mixing, as ambient fluid is en-
trained by the jet, causing the jet width to grow. The unsteady fluid
dynamical processes associated with the turbulent mixing are the source
of the noise in the free jet case. For a confined jet, the turbulent
mixing is also a very important noise source. However, the characteris-
tics of the turbulent mixing may be altered by the effect of the confin-
ing pipe wall on the entrainment process. Also, the jet flow reattaches
to the pipe wall before its kinetic energy is fully dissipated. Unsteady
behavior in the reattachment region may be an additional important noise
source for.a confined jet.

Compared to a free jet, the confined jet differs significantly in
its noise-radiation condition. For. a free jet, the noise radiates into
an infinite medium, and at large distances from the jet the acoustic waves
appear to be locally plane. The radiation condition for & confined jet
is radically different. Noise propagation inside a duct is governed by
the solution of an eigenvalue equation, and the noise propagates in par-
ticular acoustic duct modes. The lowest mode propagates at all frequen-
cies, while each higher mode propagates only above its own cutoff fre-
quency. At frequencies below cutoff a given mode is exponentially
attenuated. In most situations, the noise generated by confined jets
extends over a frequency range in which several acoustic duct modes are
propagating. Thus, to accurately measure.the noise produced by confined
jets, measurement .techniques which separate the noise field into the
acoustic duct modes are necessary.

The noise generated by confined jets normally reaches the observer
in one of two ways. First, the noise may propagate inside the pipe in the
direction of the duct axis and leave through the duct inlet or outlet.

In this situation it is important to be able to estimatce the acoustic
energy flow in the dircction of the duct axis. The acoustic energy flow
for a given pressure level is diiferent for different acoustic duct modes,
and also depends on the frequency of the acoustic wave. Thus an accurate
determination of the acoustic energy flow requires modal separation of the
pressure spectra. Also, the attenuation caused by pipe wall acoustic
treatment, changes in pipe cross-sectional area, tees, and other pipe

fittings and terminations is different for different acoustic duct modes.

2




Therefore, an accurate assessment of the cffect of configuration changes
on the noise that propagates out of a pipilng system inlet or outlet de-
pends upon a knowledge of the modal characteristics of the sound field.

A second way in which the noise inside a pipe may reach the observer
is for it to pass through the pipe wall. Acoustic pressure fluctuations
inside a pipe may excite pipe wall vibrations, which in turn radiate noise
to the surroundings. The pipe wall excitation seems to be fundamentally
different for different acoustic duct modes. Thus, the efficiency with
which acoustic pressure .fluctuations inside the pipe are transmitted
through the pipe wall may be strongly mode-dependent. This again empha-
sizes the importance of modal separation in experimental measurement tech-
niques.

Most of the previous studies of noise generated by flow through re-
strictions in pipelines have ignored the modal characteristics of the sound
field inside the pipe. These experiments can basically be grouped into
two types. In type (i) a pipe containing a restriction is..passed through
a room, and the noise level.outside the.pipe is measured. Thus only the
noise transmitted through the pipe wall is detected, and the characteris~
tics of this noise are influenced strongly by the sound transmission and
vibrational characteristics of the pipe and the supporting structure. In
the experiments of type (ii) the flow exhausts into a reverberant chamber,
with only a short section of pipe downstream of the restriction. In tlils
situation there can be strong reflections at the end of the pipe, and
again the measurements outside-the pipe may not be very representative of
the noise field inside the pipe.

The-research presented in this report i1s a continuation of the pro-
gram initiated by Roberts and Johnston (1974), who-studied noise genera-
tion by flow through sharp-edged orifices. In order to overcome the
problems associated with the previously discussed experimental approaches,
they designed an experimental rig which allowed measurcments of the acous-
tic pressure inside the pipe, but without signal contamination by the
hydrodynamic pressure fluctuations present in turbulent pipe flow. The
rig, a schematic of which is shown in Fig. 2, consists of a thieck-walled
plastic pipe (4 inch nominal diameter) terminated on both ends by anecholc

terminations, Flow enters and exits radially through bronze porous




olements of the same inner diameter as the pipe (97 mm). Roberts made
wall sound pressure measurements with a single microphene in the no-flow
zones upstream and downstream of the inlet and outlet plenums. In these
no-f low zones the measurements were not affected by the hydrodynamic
pressure fluctuations present in the regions of the pipe containing tur-
buient flow., However, the acoustic.waves scemed to suftfer some attenua=
tion as they passed through the plenum sections. Also, a substantial
portion of the noise was at frequencies above the first cutoff f requency
of the duct, where more than one mode starts propagating. In calculating
acoustic energy flow, Roberts assumed that the total signal measured by
the wall microphone was that of a plane wave. He also added a correction
factor for outlet.plenum attenuation. The present research. examined the
acecuracy of these assumpt fons during the course of a much deeper study.
The present work had the following specitic objuectives.
e... To develop experimental measurement techniques which separate the
noise field into the different acoustic duct modes.
e To measure modal pressure spectra for a variety ot restriction shapes,
sizes, and flowrate conditions.
e To relate the measured pressure spectra to acoust ie energy flow in
the direction of the pipe axis.
e To estimate the ervor bound for acoustic power measurements which use
only one microphone, located {lush with.the {nner pipe wall, and

assume plane wave propagation.

The main body of this report is contained in Chapters 2, 3, and 4.
Chapter 5 contains a summary of the results, conclusions, and recommenda-
tions for further study. The development of experimental modal separation
techniques is covered In Chapter 2. The main cxporlmontnl_rosults of the
research are presented in Chapter 3. These fnclude modnl spectra and
overall efffciency levels tor nozzles and orifices fn the subsontic flow
regime.  In Chapter 4, an encrpy flux expression is developed from the
t hermodynamic enerpy equat fon.  This "physical" cnerpy tlux is compared
to energy flux expressions developed from two conservation equation ap=
proaches.  The accuvacy with which the actual mean tlow profile fn the
pipe can be approx {mated by a slup tlow profite tor acoust ic energy flow

caleulations is examined.




Because the subject matter of each chapter comes historically from
only loosly related areas,. detailed discussions of background references..
and state of the art are given in the individual chapters rather than in ——
this brief introduction.

EA

i

3
{
Iy
|
!




Chapter 2

DEVELOPMENT..OF MODAL SEPARATION TECHNIQUES

2.1 Previous Work

Previous research on experimental techniques to separate noise in-
side ducts into the acoustic.duct modes-has largely been concerned_with .
fan noise. Mugridge (1969) used a technique .in which the outputs of two
hot-wire anemometers were cross-correlated, after having been narrow
bandpass filtered at a pure tone* frequency... The technique required that..
the probes be traversed around the circumference of the duct... Bolleter
and Crocker (1972) and Harel and Perulli (1972) both used a similar tech-
nique employing microphones instead of hot-wire anemometers. In these
techniques separation of the radial mode orders requires radial as well
as circumferential traversing. Yardley (1975) developed a modified tech-
nique which separates the radial mode orders without radial traversing.
This technique requires measurements at several axial stations and uses
the solution of the wave equation in the data reduction., A complication
of this technique 1s that the wave equation solution can be expressed in
analytical form ounly for the simple case of a uniform mean flow. .Another
type of measurement technique, which uses the principles of eduction
rather than cross-correlation,_has been presented by Moore (1972). 1In
this approach the pressure field in the duct igs sampled and phase-averaged
relative to the fan shaft rotation. 1In this way the part of the pressure
tield coherent with shaft rotation is educted. Cumpsty (1977) summarizes
the current state of the art in modal measurements in a recent paper. He
states that, "All of the in-duct methods are difficult to apply, and it
fs hard to obtain adequate accuracy, particularly when several modes are
present, some of which may be cut-off, and where the modes are reflected
back to the source from the intake or exhaust plane, Nevertheless, they
represent an {important area where work should be continued.”

The techniques explained above are not particularly well suited to

the measurement of broadband noise generated by a coaxial Jet in a pipe.

-—

A frequency corresponding to a harmonic of the blade-passing fre-
quency, for example.

6




The eduction .approach used by Moore is of no use, because there is no
applicable phase reference signal. Although the cross-correlation ap-
proaches are more suitable, they require phase-matched narrow bandpass
filtering and microphone traversing. Any differences in filter phase or.
amplitude response will cause measurement inaccuracies, in addition to
errors associated with finite filter bandwidth. effects. A second type

of error results if the source exhibits any unsteadiness or long-term
drift during the microphone traverses. As well as.the errors which may
be introduced by the filtering process, measurement techniques which re-
quire narrow bandpass filtering are rather poorly suited for situations
where the noise is essentially broadband in character, and. measurements
must be made at many frequencies. The need for.-microphone traversing adds
complications to the measurement techniques and also introduces a potential
source of error, ,

The mode separation techniques developed in this research avoid some
of the complications of the praviously discussed measurement techniques,
such as phase-matched narrow bandpass filtering and microphone traversing.
Only fixed-position microphones are used, and the signals are not narrow
bandpass filtered. However, the assumption that the higher mode nodal
diameters have no preferred angle in a time-averaged sense is necessary
for both of the new techniques, the instantaneous and the time-~averaged
methods, which are developed in this chapter. The time-averaged mode sep-

aration technique requires the additional assumption that the modes be

uncorrelated. The number of modes which. can be separated is limited, but
the results have.-high accuracy and the implementation of these new tech-

niques is very simple compared to the previously discussed techniques,

2.2 Acoustic Propagation Inside a Pipe Containing a Nonuniform Mean Flow

In order to present the measurement techniques developed in this re-
search, it is first necessary to briefly review the analysis of acoustic
propagation inside circular ducts. The geometry being considered is shown
in Fig. 3. The duct is of radius L and the mean flow 1is in the axial
direction and only a function of the radius. The equations are linearized

about the mean flow, i.e., p = Po + p', etc. Furthermore, the flow is

idealized to be inviscid and isentropic. Thus the equation of state reduces
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to p' = aip', where az = %g' , the adiabatic speed of sound. in the
S

medium. The duct.walls are assumed to be hard; thus u,. = 0 at r = e

The linearized continuity equation takes the form

du! u! du! du!
3p' Ly 2 Up V1% 2] L i,
3t+ Uo 9z +po(ar_+ T + r 90 + 3z ¢ (2-1)
The linearized Euler equations are given by
du! du!
r r _ _123p' -
T + Uo 3z - pg_?? | (2-2a)
u} dug
: 6 _ _ 1% _
5t * U3z T T p.r a6 (2-20)
au; Bu; BUO 1 3p'
—Z —= v 2 - = ..
ot + Uo 3z +ouy or pavaz (2-2¢)

The perturbation quantities are assumed to be of a propagating form,

thus set

13

i(wt-kzz)
P'(T,e,zgt) = Re{P(r,O) e

, etc.

i(wt-kzz)
u;(r,e,z,t) = Re {Vr(r,e) e

Here P(r,0), Vr(r,e), etc., are mode shape functions which depend only
on the transverse coordinates, w is the circular frequency, and kz is
the axial wavenumber. With this substitution, (g% + Uy ;%) = i(wt—szo).
Thus, after substitution of the propagating form, Vr, Ve, and v, in
Eqns. (2-2a, -2b,.and -2¢) can be solved for in terms of derivatives of
P(r,0).. Substitution into Eqn. (2-1) produces an equation for P(r,0),
when p' 1s replaced by p'/ai. _ Furthermore, the equation is separable,
P(r,0) = R(r)0(6) and 0O(6) = Acos mb + B sinm, m=0,1,... .
Equivalently, this can be written as 0(0) = C cos (mO0 + ¢) where ¢ 1is

an arbitrary phase angle. Nondimensionalizing in the following way,
- r Wrg = kzao Uo
T o= y = — k = —— , and M = =

0 ) o

k
2
k

the equation for R(r) takes the form
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e ““'_—-‘:‘*(Yr-:—m't'—z)-kz——li—— R = 0 (2-3)
dr | (1-kM) dr r(1-kM)

Equation (2-3) was given in a slightly different form by Mungur.and
Plumblee (1969). The boundary condition can be obtained simply from
Eqn. (2-2a) as dR/dr = 0 at..r.= l.. The solutions will be normalized
such that R(1) = 1. This is an eigenvalue equation which has solutions
only for certain values of k. No closed-form.solution exists for gen-
eral M(?).

The solution for M = const. 1is

J (1)
J_Gl_)_ R m=0,1,2,... , n=20,1,2,... (2-4a)

m mn

Rmn(r)

and

_ -ne yY1-a-wdhain?
kmn - 2 (2-4b)
(1-u%)

where In is the Bessel function of order m and Mo, are the values
of x for which é% (3,(x)) = 0. The + _ggg% ié_used in Eqn. (2-4b)
for downstream propagation. If Y > umn 1-M7, kmn is real and the
wave pro ;gates down the duct with no attenuation. If ¥ < Ycrm,n =
Mon vl-M , the wave is exponentially attenuated with distance down the
duct. Thus Ycrm,n is called.the cutoff frequency.

The behavior of the solution when Mach number depends on radius is
similar to that for constant M. Above a certain frequency, Eﬁn is real
and Rmn(r) can also be shown to be real. However, Rmn(r) and kmn
must be determined .by numerical methods.. In the experimental measurements,
the noise level in all modes below their respective cutcff frequencies
was negligible. Thus, only propagating todes with real iﬁn will be con-
sidered.

Finally, the general solution can be written in the form

1(wt-k__2z)

- = \ —, ) mn
p'(7,8,2) = Zm: 2 C R (T) cos(md+¢ ) e (2-5)

where z = kz,




2.3 The Instantaneous Mode Separation Technique

This technique uses four microphones.laocated at the same axial. sta-
tion and mounted such that their diaphragms are flush with the inner pipe
wall., The microphones. are.spaced 90° apart in the circumferential direc-
tion. _

Consider.a situation in which only the first three modes are propa-

gating, Thus the pressure at the inner.pipe wall is given by
' ™ = - —_ z -_ z
o (1,e,z°) Pw(e) C00 cos(wt koozo) + Clo cos(64—¢lo) cos (wt klozo)

+ Cyq c08(20+6,.) cos(ut -k (2-6)

2020)

Adding and subtracting the instantaneous outputs of the four micro-
phones, we ostain

B0 + 2, () + 2m + B, (F) = oy costur-Fyz) (2-70)

P,(0) =P (M = 2C; ¢ 08 ¢, cos(w:-i1020> (2-7b)

m 3my _ = - -
Pa(® + Py(m = 2 (7) - B () = 4cy5 cos ¢y cos(ut - kypz() (2-7c)

after simplification by trigunometric identities. These functions will
now be squared and time-averaged. To perform this operation, the behavior

of ¢10 and ¢20 must be examined. For fixed ¢mn’

2 2 - - 1 2
cos ¢mn cos (wt-km z = 7 cos ¢

n o ’

mn

where the bar denotes time-averaging. However, for a coaxial turbulent

jet in a pipe there would be no preferred angle. Indeed, all angles would
be equally probable. Under the assumption that %mn varies randomly, the
cos ¢mn term would produce an average value of 1/2, 1t is reasonable,

then, to define the modal time-averaged mean square pressure Pin by

CZ
2 _ 1 mn . - =
Pon (5) iTFE;. ’ €g = 0ym=03 e = Lm=1,2,3,...

(2-8)
10




The expressions for the (0,0), (1,0), and (2,0) mod: time-averaged

mean square pressures are then given by

2 1 m 3n
Poo = 16 [Pw(o)f P (3) * B(® * B3 )] (2-9a)
p? Lle (0 *
0 = & P ( ) - Pw(“) (2-9b)
S B P ™ any | 2
20 = 16| R(® * R(M - r(3) - Bl 7) (2-9¢)

where Pw(e) is the pressure measured at the duct wall, at.. z = z,

1f the fourth mode is also included in the analysis (i.e.. if COl
* cos (mt-kOIZo) is added to the right-hand side of Eqn. (2-6)) and a
fifth microphone is mounted at r.-=0, z =2, & similar analysis leads
to the follcwing expressions for the (0,0), (1,0), (2,0), (3,0), and

(0,1) modal pressures.

e

5
2 1 T 3n
Pyy = m\:Pw(O) + Pw(i) + B (M) + Pw(—z—) + 1.611 pﬁ] (2-10a)
?_—3-?(0)-?()2 (2-10b)
10 - Glw Wi
2 - Llr o T (31) ? 2-10
20 = 15| B * Pum - 2 (7) - PulZ (2-10¢c)

and

P

2
2 _ .1 p (T 3y L
P01 = 195.1 [PW(O) * PW(Z) + Pw(‘n') + PW(-——2 ) APEAJ (2-10d)

In the above equatious, Pe is the pressure at T =0, z = 26. The con-
stants in Eqns. (2-1iuc) and (2-10d) are based on (0,0) and (0,1) mode
shapes for a uniform mean flow profile. 1If these mode shapes were changed
significantly by a nonuniform mean flow profile, the constants would have
to be adjusted accordingly.

A turbulent jet by nature produces broadband noise which 1is steady

only in a statistical sense. Although the technique has been presented
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using monochromitic waves, the technique is also valid for broadband
noise as long as the noise can be resolved.into acoustic duct modes.
Thus the technique really measures the mean square value of the modal
amplitudes.

In noise generated by turbomachinery the modes may be phase-locked
to the rotor rotation, which would cause the nodal diameters to spin with
constant angular velocity. Although the phase angle ¢mn would not vary
randomly in this case, the nodal diameter would have no preferred direc—
tion. in a tjwme-averaged sense. Thus the mode separation technique would

still be .applicable, and the averaging would go through in a similar manner.

2.4 The Time-Averaged Mode Separation Technique

This technique uses three microphones mounted flush with the pipe
wall at the same axial location. The microphones are spaced 90° apart in
the circumferential direction, 1l.e., at g =0, w2, and T.

Again, consider the situation in which only the first three modes are

propagating. Setting 6 =0 in Eqn. (2-6), squaring, and time-averaging,

2 52 2 2 - - = -
Pw(O) = POO + P10 + on + 2C00C10 cos ¢10 cos(wt-—koozo) cos(wt-—kloao)
+ ZCOOC20 cos ¢20 cos(wL-—koozo) cos(wt-—kzozo) (2-11a)
+ 2C10C20 cos ¢10 cos ¢20 cos(wt-—klozo) cos(wt--kzozo
Similarly,
nil? 2 2 ) ) —
[?w(O) - Pw(fj:l = APZO + Clo(cos ¢10 + sin ¢lo) cos (wt-—klozo) (2-11b)

+ Acloczo(cos ¢10 + sin ¢10) cos ¢20 COS(wt-klozo) COS(wt-kzozo)
With the assumption that ¢10 and ¢20 vary randomly, the fourth
and fifth terms on the right-hand side of Eqn. (2-1la) average LO_ze€rO, and

the second term on the right-hand side of Eqn. (2-11b) becomes 2P2 To

10°
eliminate tne terms involving products of functions of ¢10 end ¢20, an

additional assumption that the values of ¢10 and ¢20 are uncorrclated

12
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with.each other is necessary. For example, if ¢10 and ¢20 were the
same.random fupnction of time, these terms would have the same order of
magnitude as Pio and P%O'” Making the assumption that the modes are

uncorrelated with each other, these equations reduce to

2 32 2 2
P,(0) = Ppg+ Py + Py (2-12a)
and
2 (0) - B (%) S S (2-12b)
w w\2 20 T"10

I/ Eqn. (2-10b) is added to the system, the set of.three. simultaneous equa-
2 2 2
tions can be solved for POO’ PlO’ and P20 in terms of the measured

quantities. The results are

—_— —_— —_ 2 2
5 - o - B)[ne - o] -Hao - )]
(2~13a)
—_— 2 1
P, = (%)[pw(m - Pw('rr):] (2-13b)
and
2 1\ . 7y 2 1 72
P = (Z)I_Pw(o) - Pw(-f)_l - (-S-[Pw(o) - Pw('")_l (2-13c)

Thus the time-averaged mode separation technique uses three microphones
to separate the (0,0), (1,0), and (2,0) dict modes. The assumption of
uncorrelated modes is vital to the approach. The technique could be expanded
easily to separate more modes. For example, to also separate the (0,1)
and (3,0) modes would require only a total of five microphones, as op-

posed to nine for the instantaneous mode separation technique. Also, if

the noise field is sufficiently steady, the measurements need not be taken :
simultaneously, and only two microphones would be necessary. There 18 no i

i
requirement for microphone traversing or narrow bandpass filtering. Modal ‘

spectra are easily calculated by obtaining spectra of the measurands

13
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p;(0) , L?W(O) - pw(u) l ,  and [PQ(O) - pw(%-i] ,

and solving Eqns. (2-13) at each frequency.

2.5 Instrumentation for the Instantaneous Mode_Separation Technique

A line diagram of the instrumentation used for the instantancous tech-
nique is shown in Fig. 4a.. Four B & K 1/4 in. condenscr microphones were
located at the same axial station and spaced 90° apart in the circumferen-
tial direction. The microphones were mounted such.that their diaphragms
were flush with the_inner pipe wall. The four.microphone outputs were fed
into an analogue circuit which performed additions and subtractions accord-
ing to Eqn. (2-9a, -b, or ~¢), depending on which mode was being analyzed.
The output of the analogue circuit was then lowpassed to avold aliasing in
the digital sampling. The 3 dB rolloff point was set at 5 Kiz to match
the characteristics of the filters used with the time-averaged mode separa-
tion techunique. The sampling rate of the dipgital sampling system was 20 KHz.
The B & K analyzor was used to amplity the sipnal betfore dipgital sampling
by the analogue to digital converter.

The spectra were obtained vy the averaged pericdogram method (see
Rabiner and Cold, 1975). In this technique, successive data samp les are
discrete Fourier transformed, aftoer being operated upon with a window func-
tion. The resulting Fourier transforms are then averaged.  For the instan-
tancous technique, 64 discrete-Fourier transforms were averaged,  Since the
data were analvzed real time on a H-P 2100 mintcomputer, the samples were
spaced out over a time perfod of approx imately ten minutes.  The spectra
were averaged over 31,6 He bandwidths before being normalized to a band-
width of 1 Hz. Final results were plotted in the frequency range 200-6000 tz,
The computer program PIPE was used to pertorm these operations. A listing

can be found in Appendix Al.

2.6 lastrumentation tor the Time-Averaged Mode Separation Technique

The instrumentat fon used for the time-averaged mode separation toech-
nique is shown in Fig. 4b. The three microphone sipnals were first low=
passed to avold aliasing problems, then amplified to be compat ible with the

digital sampling system.  The sampling system was used In the simultaneous
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sample and hold mode. The data acquisition rate was approximately

42 KHz, which {s the maxdmun for the system. Thus aliasing would occur
for frequencies above approximately 7 KHz. The 3 dB rolloff point of

the filters was set at approximately 5 KHz to avoid- this preblem. The.....
filters were adjusted so that their frequency. response curves matched

as. closely as possibie. The maximum deviation in amplitude response
between the three.filters was 0.2 dB.. The deviations were largest in
the 3-4 KHz frequency range. The instantaneous subtractions (Pw(O) -
Pw(")) and (PW(O) - Pw(%)) required for the technique werce performed
digitally. Spectra of

P20 . (k0 - p,an’ L and (00 -GN

were then obtained i{n a manner similar to the instantaneous technique.
The computer program PIPE4 was used for this purpose. The time-averaged
data were then separated into the three acoustic modes by use of Eqns.
(2-13). The computer program PIPEZ solved this set of cquations at each
center frequency of the 31.6 Hz bandwidth data.  The final spectra were
normalized to 1 Hz bandwidth and plotted in the frequency range 200-6000
Hz. Computer programs PIPE2 and PIPE4 are listed in Appendix Al,

2.7 Comparison_of Spectra Measured with the Instantaneous and Time-

Averaged Techniques

To further assess the advantages and disadvantages of the two mea-

surement techndques, their outputs were compared for the.case of a coaxialo o

jet in a pipe. As well as examining the relative merits of the two tech-
niques, this comparison answers the question of whether or not the noise
propagating in different acoustic duct modes is correlated, tor this par-
ticular case. The spectra discussed here were measured 2.36 meters down-
stream of a 31,8 mm oritice located concentrically in a 97 mm 1.D, pipv*.
The Mach number of the tlow through the orifilce was 0,37,
The spectra measured with the {nstantaneous mode separation technigue

are shown in Fig. 5. The (0,0) mode is completely separated out up to

*
For a detafled discussion of the experimental apparatus, sce Chap-
ter 3,
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4400 Hz, the frequency corresponding to Yerg 1 where the (0,1) mode

starts propagating. Above this frequency the signal is a combination of

the (0,0) and (0,1) modes. The (1,0) mode 1is completely separated
out up to 4800 Hz, the frequency corresponding to

Ycr3 0> beyond which
it combines .with the (3,0) mode.

However, in the example shown there
is a large increase (approximately 7 dB) in the signal above 4800 Hz.

Thus the output at frequencies greater than 4800 Hz is dominated by the
(3,0) mode. The level of the (1,0)
The (2,0)

mode is obscured in this region.

mode is completely separated out to a frequency corresponding

to Ycrz 1> where 4t combines-with the (2,1) . mode.
»

too-high to be seen on Fig. 5

This frequency is
To check the assumption made in developing the instant
separation technique,

ancous mode
the assumption of no- preferred angle for the nodal

diameters, the microphone array was rotated and the measurements were re-

peated. The results were unchanged, confirming the validity of this as-
sumption.

The first set of modal spectra measured with the time=averaged sepa-

ration technique utilized spectra of

—y—- - 2 — 12
PO, [pw(o) - Pw(")J , and LPW(O) - PW(E)J

which were obtained by averaging 64 discrete Fourfer transforms. The

results are shown in g, 6. The spectra exhibit the same overall char-

acter as—those obtained with the instant

(0,0) mode has much larger fluctuations, at trequencies above the cutoff
frequency of the

ancous technique.  However, the

(1,0) mode, than those obtained with the iastantancous

technique.,  The (1,0) mode aprees very well with the results of the in-

stantaneous technique.  This is to be expected, since no subtraction of

time-averaged data is involved in Eqn. (2-13b). The (2,0)
substantial amount of noisc

of 5 KHz,

mode has a
below its cutoff frequency and in the vicinity
To explain the sipgnit feance of the sharp spikes in the spoctra,

a4 note on the way the spectra are plotted may be helpful,  The spoectral

points are first plotted and then connected with straight 1nes.  Thus a

single spoctral pofnt far off the curve can cause a spike of the type
seen,
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The similarity of the overall shape and levels of the spectra ob-
tafned by the {nstantancous and- time-averaged techniques load$ to the
conclusion that the modes are uncorrelated, or at .least that they are
not correlated-over a hroad tfrequency range. To strengthen this conclu-
ston it is nccessary to reduce the difference in-the spectra obtained by
the two techniques to the experimental uncertainties inherent in the
methods.

The uncertainty in the measurement techniques can. basically be
thought of as consisting of two parts. The first pact results from an
insufticient averaging process during the measurement. It is normally
characterized by o symmetric scattering of points about the true value.
An. increase in the number of samples obtained reduces this error, The
second type of error is a tixed error related to the type of instrumen-
tation used in the experiment.. The fluctuations seen in the time-averaged
cutput in general scem to be of the first type.  To check it this was the
case, the time-averagoed mode separation measurement was repeated, using
a larger number of discrete Fourier transforms in the averaging process.
The results obtained, using an average of 256 discrete Fourfer transtorms,
are shown in Fig. 7. A marked ifmprovement is scen in the  (0,0)  mode
spectra and {n the (2,0) mode spectra above {ts cutoft tfreguency.  The
fmprovement {n the 2,0)  mode spectra below its cutoff rrequency is not
as striking. However, this can be explained by fixed system orror.  The

cquation from which the (2,0) mode fs caleulated (Eqn. (2-13¢)) contains

|20 - 1 (3]

The tilters used to lowpass Pw(O) and Pw(ﬂ) miatched very closely in

o
-

[y

. )
and {FW(O) - Pw(")]

. . I
amplitude response. However, the filter used to lowpass Pw(;) devia-

ted approximately 0.2 dB fun amplitude response form the other two tilters,
tor trequencies above 2 KHzo  This will cause approximately a 5% cancella-
tion error in Equ. (J-13¢).  The mapgnitudes of

2

LPN(U) - Pw(g) ] and le(O\ - Pw(n) ]

in the 2-3.4 KUz vrange ave such that the {fncomplete cancellation will re-

‘Y
-

sult fn an average sipgnal level of approximately 56 dB, with a largpe
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amount of scatter. This is basically the behavior seen in the (2,0)
mode spectra below its cutoff frequency, 3400 Hz.

In the region above the cutoff frequency the amplitude of the sig-
nals is such that this type of error is not significant. The (1,0)
mode is much cleaner below its cutoff frequency, because the filters
matched very well in this frequency range, and no time-averaged subtrac-
tion is involved.. Thus the deviations between.the output of the instanz
taneous and t ime-averaged techuiques are relatively small and can be
explained in terms of . measurement error.. This result leads to the con—___
clusion that the noise generated by a coaxial jet in a pipe and propa-
gating in different acoustic duct modes has in fact no inter-mode

correlation.

2.8 Summary

Two new modal separation measurement techniques have been. developed
and applied to the case of noise generated by flow through a coaxial ob-
struction in a pipe. One technique requires the assumption that noise
in the different acoustic duct modes 1is uncorrelated. The other does not.
Comparison of the results of the two techniques shows that this is in
fact the case, for the type of source considered here.

The instantaneous mode separation technique uses four wall-mounted

microphones, spaced 90° apart in the circumferential direction,. to sepa=
rate the first three acoustic duct modes below the frequency at which the
fourth mode starts propagating. The only assumption required is that the
higher mode nodal diameters have no preferred angle in a t ime-averaged
gsense. The technique could also be extended to situations where this is
not the case. All modes are completely scparated below the cutoft {re-
quency of the (0,1) mode. The (1,0) and (2,0) modes are actually
separated out over & wider frequency rYange, and informat fon about higher
modes, such as the (3,0) mode, can often be obtained. The technique
only requires {nstantaneous addition and subtraction of the microphone
outputs in addition to common spectral measurement techniques. No micro-
phone traversing or phnsc-matchod narrow band filters are required by the
method. The accuracy of the technique is high (unwanted mode rejoectic

on the order of 40 dB), cven when several modes are present.  The
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technique could be extended to separate the (0,1) mode with only the
addition of one mure microphene at the center of the pipe. However, a
complete separation of the (3,0) mode in the presence of all the lower
modes.would require four additional microphones. This problem would not
be so.severe if all of the lower modes were not present.

The time-averaged mode separation technique uses three wall-mounted

microphones to separate. out the first three acoustic duct modes, but re-
quires the additional assumption that the modes are uncorrelated. A

matrix operation on three time-averaged spectra produces the.modal pres-
sure spectra. The technique requires only two microphones if the noise
source is sufficiently steady. This technique is easily extended to mea-
sure a larger.number of modes. Only one more microphone (or one additional

measurement for a steady source) is required for each additional mode.

19




r
~lE

R I e

Chapter 3
EXPERIMENTAL MEASUREMENTS OF NOISE GENERATED
BY FLOW THROUGH COAXIAL RESTRICTIONS IN PIPES

3.1 Previous Research. —

A majority of the research on noise generated by flow.through
restrictions in pipes has been concerned with the problem of control
valve noise (Allen, 1969; Baumann, 1970; Heymann, 1973; Nakano, 1968;
and Seebold, 1970), Much of this research is-aimed at developing low

noise values and/or predicting the overall noise level of specific types. ..

of .valves., The noise level at a given distance away from the pipe is
commonly the quantity predicted, and the results are strongly dependent
on the actual design of the valve and on its installation. Thus these
engineering prediction schemes lack universality and should be consid-
ered as schemes which interpolate specific sets of experimental data,
rather than as scientific prediction methods. To produce more fundamen-
tal prediction techniques than those presently available, a deeper
understanding of the noise generation process and the coupled process of
noise transmission through the fluid inside the pipe and through the
pipe wall itself is necessary.

Fundamental studies of noise generated by flow through restrictions
have concentrated on measurement of the noise levels inside the pipe;
these studies entail two complications. First, the noise is usually in
the frequency range where more than one acoustic mode is propagating
inside the duct. Second,. hydrodynamic as well as acoustic pressure
fluctuations exist inside -the pipe. The experimental problem of separa~
tion of the acoustic pressure signal from hydrodynamic noise has received
the most attention. Only a few techniques are available for this pur-
pose., Karvelis (1975) used a cross-correlation technique to separate the
acoustic pressure from the hydrodynamic pressure in the region downstream
of an orifice. This method works well when only plane waves, the (0,0)
mode, are present. His technique and our adaptation use two microphones

mounted flush with the inner pipe wall. One microphone 1s displaced some
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distance in the axial direction with respect to the other. The outputs
of the two microphones are time delay cross-correlated.— A peak in the
correllelogram occurs at a delay time equal to the time it takes for the
acoustic wave to traverse the distance between the two microphones. The
hydrodynamic pressures measured by the two microphones.are generally
uncorrelated at this delay time, and hence the peak value of the cross-
correlation gives the amplitude of the acoustic wave. This technique
does not work as well when higher acoustic duct modes are propagating,
since the higher modes are dispersive (i.e., the phase speed of the
wave is a function of frequency). The proper delay time then becomes a
function of frequency, making the results difficult to interpret.

In a different study, Roberts and Johnston (1974) used a specially
designed rig (see Fig. 2) to separate the acoustic pressure fluctuations
from the hydrodynamic pressure.fluctuations. The flow enters and exits
the rig radially through sections of porous pipe. Acoustic waves
generated by flow through a centrally located restriction propagate on
past these porous sections into the no-flow regions of the pipe before
being absorbed by the anechoic terminations. 1In the no-flow regions of
the pipe only acoustic pressures are present. However, elimination of
the hydrodynamic pressure fluctuations by this method causes some
attenuation of the acoustic waves.

The present research is a continuation of the program initiated by
Roberts. Cross-correlations of the type just discussed were obtained
during an early phase of the research.. These measurements showed.that,
for circular obstructions with a flow passage diameter less than one
half of the pipe diameter, hydrodynamic pressure fluctuations were small
compared to the acoustic pressure, at locations greater than 10 pipe
diameters downstream of the restrictions. . Therefore, the present study
concentrated on measurement of the modal characteristics of the sound
field downstrcam of the source region near the restriction, without the
necessity to resort to cross-correlations or placement of microphones in
a no-flow zone., To the author's knowledge, modal spectra of this type

have never been presented in the open literature for the case studied
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here, that of noise generated by flow through coaxial restrictions

(orifices and nozzles) in pipes.

3.2 Experimental Apparatus and Instrumentation

The experimental apparatus, a sketch of.which is shown in Fig. 2,
is basically a 4 in. nominal diameter P.V.C. schedule 80 pipe, approxi-
mately 11 meters long. The pipe is terminated on both ends by anechoic
terminaticas, which have.excéllent absorption coefficients. (above 98%)
at frequencies greater than 250 Hz. Thus 250 Hz is the lower frequency
1imit for the measurements. The flow enters and exits radially through
bronze porous elements of the same inner diametexr as the pipe (97 mm).
The air is supplied by a 300 SCFM compressor at a flowrate controlled
by a pressure regulator upstream of the inlet plenum. Flow metering is
by a Meriam laminar flow meter.

The maximum attainable mean velocity in the 97 mm. diameter sec-
tions of the pipe is approximately 15 m/sec. The pipe is equipped with
static pressure taps and probe ports for flush mounting of 1/4 in. and
1/2 in. microphones. A picture of the rig is shown in Fig. 8.

Bruel and Kjaer 1/4 in. condensor microphones were used in the
measurements. The microphones are not designed to be exposed to a higher
level static pressure than the attached preamp. TO permit measurements
inside the pipe, at pressures up Lo 3 atmospheres, it was necessary to
seal the adapter between the 1/4 in. microphone and the 1/2 in. pre-
amplifier. The R.T.V.* sealant used for this.purpose did not affect the
output or frequency response of the microphone system. A picture of the
microphone, adaptor and preamp is shown in Fig. 9. The four microphones
are shown mounted in position for the measurements in Fig. 10.

The instantaneous mode separation technique of Chapter 2 was used
for the measurements presented in this chapter. The instrumentation for
the technique was identical to that discussed previously, except for the

method of analogue filtering. The data presented in this chapter were

*
General Electric R.T.V. Type 102.
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taken using two analogue filters to bandpass the signal between 300

and 7000 Hz. The pressure spectra are presented in the frequency range
200-6000 Hz. The measurements were made 1.1 meters (11.5 pipe
diameters) downstream of the front face of the restrictionm, unless
otherwise indicated.. Other pertinent dimensions are shown on Fig. 2.
For more information on the experimental apparatus, consult Roberts
and Johnston (1974).

3.3 Definition of Farameters

Several of the parameters used in presentation of the data require
some explanation. The flow speed through the restriction is character-
ized by the indicated Mach number,. Mi . This Mach number is calculated
by assuming an isentropic expansion of the gas from upstream conditions
(PO,TO) to the minimum wall static pressure (Pi) measured just down-
stream of the restriction. when the restriction is an orifice, the
minimum wall pressure occurs at or near the vena contracta of the ori-
fice jet. For a nozzle jet the indicated Mach number is calculated using
the pipe wall static pressure measured very near the axial location.of
the nozzle exit. 1In the jet, at the vena contracta of an orifice or the
exit plane of a nozzle, the mean velocity profile is nearly uniform and
parallel and the total pressure and temperature are equal to the up-
stream conditions. The pipe wall static pressure equals jet static
pressure in subsonic flow, in which case Mi is very nearly equal to
the real jet Mach number. For.choked flow cases, Mi exceeds 1.0 and
is only a rough indication of the average jet speed. In this situation
the jet will successively over-expand and shock down at a few axial
stations until mixing reduces the mean Mach number to subsonic speed (at
x/d 2.10 , see Thompson (1972), Fig. 9.18, p. 463). However, since the
noise generation is predominantly in the shear layers immediately down-
stream of the orifice or nozzle exit, a Mach number representative of
the velocities in the core of the jet before substantial mixing has

occurred seems most appropriate for correlation of the noise data.
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The- frequency ratio, fr.’ is a second parameter used in.
presentation of-the experimental results. This parameter is the ratio
of two nondimensional frequencies, both of which.are important in the
case of a confined jet. The frequency spectrum of free jet noise can
be roughly scaled by the Strouhal number (see Banerian,. 1974),

St = £d/U , where f 1is the frequency, d. 1is the jet diameter, and- U
is the jet velocity at the nozzle exit. This nondimensional frequency
is also imrortant in the confined jet case. However, for a confined. .
jet the noise propagates in.the acoustic duct modes. The behavior of
the acoustic duct modes propagating inside a circular duct is governed
by the nondimensional frequency Y = wro/ao', where w 1is the circular
frequency, LR is the duct radius, and a, is the adiabatic speed of
sound in the gas. The frequency ratio, defined by fr = y/mSt = UiDJaodu,
has been found to be useful for correlating the spectral measurements
presented in this report. The physical reasons for this are discussed
in detail in Se~ciom 3.5.1.

3.4 Parameter Ranges Covered in the Experiments

Modal pressure spectra were measured for four orifice sizes (12.7,
19.0, 31.8, and 50.8 mm diameters) and three nozzles (3.18 mm diameter
and two 16.2 mm diameter nozzles with respective throat length-to~
diameter ratios of 1 and 8). Thus the ratio of restriction diameter to
pipe diameter, d/D , ranged from 0.03 to 0.52.

In order to compare noise generation by an orifice to that by a.. .
nozzle, the size of the 16.2 mm nozzle was chosen to match the cross-
sectional area of the 19.0 mm orifice vena contracta,. for a value of .
Mi ~ 1 . The purpose of the extended throat nozzle was to produce a
thicker boundary layer at the nozzle exit. The displacement thickness
at the nozzle exit, estimated from mass flow measurements, was approxi-
mately 0.10 mm for the short nozzle and 0.25 mm tor the long nozzle.

The values of the indicated Mach number, Mi , ranged from 0.15 to

1.23. The Reynolds numbers, based on orifice diameter and vena

contracta conditions, or nozzle exit conditions, covered the range
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4 x 104 to 6 x 10§ . The frequency ratio, fr ,» varied from 0.18 to

28.0.., although this large range of- fr values could not be attained
with a single restriction.

3.5 Experimental Results

In this section the major experimental results are presented. To
insure that the measured fluctuating pressure levels were actually due
to noise generated at the restriction, the hydrodynamic and rig back-~
ground noise levels were also measured. For convenience, these measure~
ments are presented and discussed later in Sections 3.6 and 3.7Z. With
few exceptions, the rms levels of the hydrodynamic and background pres-
sure fluctuations were 15 to 20 dB below those of the noise generated
at the restriction.

During the course of the preliminary measurements it was found that
the experimental rig selectively absorbed noise in the higher modes at
particular frequencies. This behavior is discussed in Section 3.8. The
measurements presented in this section were taken sufficiently close to
the noise source that they were not affected by the selective sound
absorption process.

The effect of the outlet plenum on the sound waves was also
examined during the preliminary experiments. The measurements of outlet
plenum attenuation are given in Section 3.9. The data presented in . the
present section were not affected by outlet plenum attenuation, as the
measurements were made upstream of the outlet plenum.

The modal pressure spectra were measured using tlie instantaneous
mode separation technique discussed in Chapter 2, The spectral results
were stored on digital magnetic tape for later analysis. The axial
sound power spectra for the (0,0), (1,0), (2,0), and (3,0) modes were
calculated using the measured pressure spectra. These power spectra
were integrated to obtain downstream overall power levels, and the acous-
tic source efficiencies were then calculated. The acoustic efficiency
was defined as overall downstream power level normalized by the total

jet kinetic energy. The energy calculations we.e performed by the
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computer program PIPES, listed in Appendix A2. The modal pressure and
power spectra, as well as overall sound pressure, power, efficiency and
flow rate data in tabular form, are presented in Appendices A3 and A4,

The experimental uncertainties in the resuits were calculated usirg
the method of Kline and McClintock (1953), appropriate for single-sample
experiments. The uncertainty in all the measurands was estimated at
20:1 odds; see Appendix A5 for details. The experimental uncertainty in
the sound pressure level measurements was estimated to be *0.2 dB. This
results in.an.uncertainty in the efficiency level of less than %6%.. The
uncertainty in the flow rate measurement was generally about +1%, and
that in Mi was less than %1%,

No fluid dynamic data other than flow rate parameters were measured
for the orifices. Wall static pressure profiles and mean velocity pro-
files for the orifices are presented by Roberts and Johmston (1974).

The wall static pressure profiles for the two 16.2 mm nozzles were mea-
sured in the present investigation. These static pressure profiles are
presented in Appendix A6. The agreement with the wall static pressure
profiles for the 19.0 mm orifice which were presented by Roberts is
excellent, for similar values of Mi . This indicates that there is
little difference in the fluid dynamic behavior produced by a nozzle and

by an orifice, if the nozzle cross-sectional area is chosen to match the

orifice vena contracta.

3.5.1 Characteristics of the Modal Pressure Spectra

The shape of the modal pressure spectra was found to be strongly
dependent on the frequency ratio, fr = UiD/aod . A typical set of
modal pressure spectra for a low value of the frequency ratio,
fr = 1,19 , is shown in Fig. 11. The spectra fall off rapidly with
increasing frequency, and the (1,0), (2,0), and (3,0) modes dominate the
(0,0) mode above their respective cutoff frequencies. The spectra of
the higher modes rise to a sharp peak at their cutoff frequencies, where
the mode is at a resonance condition. The cuton of a particular mode

seems to have no influence on other modes already propagating.
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Although the (0,1) mode (seen as a spike on the (0,0) mode curve)
has a sharp rise at the cutoff frequency, the. amplitude of the (0,1)

mode dies off very rapidly with increasing frequency, in contrast to
the behavior of the other higher modes. Thus, compared to the other
modes, it appears that the (0,1) mode transmits little acoustic power
in the.axial direction. This idea is further strengthened by the fact
that at frequencies very near cutoff the ratio of acoustic power.. £low
to acoustic pressure is much lowexr than at frequencies farther above
cutoff.

A set of modal pressure spectra for a l.igher value of the frequency
ratio, fr = 7.4 , is shown in Fig. 12.. At high fr the spectra are
fairly flat over the frequency range measured, and the higher modes 1o
longer dominate the spectrum above their cutoff frequencies. Except for
the resonance peaks associated with the cuton. of the higher mcdes, the
(0,0) mode dominates the spectrum out to approximately 5000 Hz, where
the (3,0) mode starts propagating. Also, tne (3,0) mode no longer
strongly dominates the (1,0) mode above the (3,0) mode cutoff frequency,
as was the case at low fr .

A comparis two sets of spectra with closely matching fr is
shown in Figs. 13 and 14. The results indicate that the shape of the
frequency spectrum is primarily determined by fr , with no significant
dependence on the separate values of Mi and. . (4/D), for the (d/D) range
0.13 5_(d/D) < 0.52 . The two sets of spectra with the.same value of
fr. are seen to collapse onto one curve, when plotted as a function. of
frequency, in Figs. 13 and 14. However, this happens only because .
:D/ao) je nearly constant for these experiments. To obtain this same
collapse onto one€ curve in the general case,_it would be necessary to

plot the spectra a8 a function of St or Y -

*

A more complete examination of the (0,1) mode could be made 1if

. the instantaneous mode separation technique were extended to include
this mode. Such an extension was discussed in Chapter 2.
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Modal pressure spectra were also measured for a 3.18 mm diameter ..
nozzle (d/D = 0.03 , 15 < £.2 28) . A typical set of spectra for
this restriction is shown in Eig. 15. . These spectra exhibit the same
general characteristics as seen for larger restrictions at high values
of the frequency ratio, except for the. behavior of the (0,1) mode,

Tu the case of the 3.18 mm nozzle, the (0,1) mode did not die off
rapldly above {ts cutoff frequency, as it did for cases with larger
(d/D) . Tha stronger excitation of the-. (0,1} mode in this case is due
to the nodse source region for the 3.18 mm nozzle being concentrated
closer to the pipe axds-than the_source regions for the larger restric-
tions, Since the (0,1) mode shape has-its maximum value at the pipe
conter, a noise source concentrated near the pipe axis weuld be expected
to excite this mode,

To understand.why the spectrum shape varies in the manner discussed
above, it s necessary to review briefly the dimensfounal arguments
normally used in explaining a free jet spectrum shape (see, tor example,
Ribuner, 1964). The free jet spectrum exhibits a broad peak in the
vicinity of St = 0.2 and rolls off at high and low frequencioes
(Banerian, 1974). 1In the dimensional reasoning, the assumption is made
that a. given region of the Jet emits only a single trequency.  Thus
different regions of the jet are responsible for different parts of the
frequency spectrum. The high frequency noise is penerated {n the region
close to the noezzle exit. In.this.region the characteristic velocity is
given by the jet velocity, U, and the characteristic lenpgth is piven by
the shear layer thickness, § ., The characteristic frequency is then
plven by U/8 o Stuce §  grows rapidly with axial distance from the
nozzle exit, the highest frequencies are generated very close to the
nozzle exit plave.  The spectrum peak, at 8t ¥ 0,2 , {s considered to be
penerated 5-10 dlameters downstream of the nozzle exft, and the Tow fre-
quency end of the notse spectrum {8 generated in the fully developed
region of the jet far downstream (x/d S 10)  of the nozzle exit,

For Jets confined in a pipe of diameter D, where the (d/D)  ratto

fs small, tt Ix reasonable to assume that the mean flow and turbulence
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levels in the jet are not greatly affected.by the presence of the
confining pipe wall. 1In this situation the noise source itself is very
similar to a free jet, and only the radiation. conditions are different.
Thus it might be reasonable to assume that the noise spectrum peak
would occur in the vicinity of St = 0.2 , i.e., near the frequency
given by fst = O.ZWUi/d . The Strouhal frequencies calculated in this
manner are noted on Figs, 11-14. In our experiments fSt is. propor-~
tional to the frequency ratio, fr » as (D/ao) was nearly constant for
all test cases. It can be seen that the lower the value of fSt the
more rapidly the spactra fall off with increasing frequency. For high
values. of fSt the spectrum is basically constant. ..Thus, for low
values of the frequency ratio, fr , the spectrum in the 200-6000-Hz
range is basically the high-frequency end of the jet noise spectrum.
For.high values of fr the wide peak of the jet noise spectrum lies in
the range 200-6000 Hz. No cases for which measurements were taken
resulted in values of fSt high enough to show the extreme low end .of
the jet noise spectrum in the 200-6000 Hz range.

Although the overall shape of the noise spectrum can be explained
easily from dimensional reasoning, an understanding of why the higher
modes are dominant above 2000 Hz for low fr and are almost equal to
the (0,0) mode for high fr requires a more detailed examination of
the turbulence structure in the jet. Recent research (Mollo-Christensen,
1967; Fuchs, 1972; Lau et al., 1972; Moore, 1977) has indicated that
large-scale structures exist in turbulent jets. The structures are
strongly coherent in the initial regions of the jet, before the potential
core disappears. The coherence of the structures seems to decrease
gradually with distance downstream of the nozzle exit. These large co-

heirent structures are often described as coalesced vortex rings generated

by the instability and subsequent rollup of the vortex sheet (Yule, 1977).

The vortex rings are thought to be subject to circumferential instabil-
ities which, when experimentally observed, are called fluting. This
fluting, regardless of its origin, can be described as a wave-like forma-

tion on the vortex rings, with various numbers of nodes and antinodes
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spaced about the circumference. Such a structure would generate
pressure fluctuations with circumferential coherence, and thus be a
very effective source mechanism for higher-mode noise generation. The
fact that the vortices seem unstable to circumferential disturbances
would emphasize production of higher circumferential modes ((1,0),
(2,0), (3,0), etc.) over.the circumferentially symmetric (0,0) and
(0,1) modes.

At dirtances-farther downstream in the jet, where the lower fre-
quencies would be generated, the large-scale structures have lost much
of their circumferential coherence. Thus the higher modes would not be
expected to dominate over the (0,0) mode in cases where the noise in
the frequency range 2000-6000 Hz is generated sufficiently far down-
stream. This is the case for high frequency ratio.

The description of the large-scale structures given above has
generally been observed in low Reynolds number jets by means of flow
visualization techniques. It is not clear that the above description
is in all.ways appropriate to the actual experimental conditions, which
involve much higher Reynolds numbers. However, experimental measure-
ments of a higher Reynolds number jet (Re = 4 x 105) by Michalke and
Fuchs (1975) have shown that circumferentially coherent structures exist
in the initial region of the jet, and that higher circumferential modes
are-important at higher frequencies. This work-supperts_the above

explanation of higher mode dominance-for low fr .

3.5.2 Modal Power Spectra and Overall Efficiency Levels

The modal pressure spectral measurements were converted to modal
power spectra by use of the energy weighting function. The energy
weighting function relates a wall pressure fluctuation to acoustic power
flow in the direction of the pipe axis. The energy weighting function
is a function of frequency, and is different for different acoustic duct

modes. Thus the total downstream acoustic energy flow is calculated by
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The theoretical-development .of the energy weighting functions is covered
later in-Chapter 4. 1In this chapter we chose to utilize the physical
- energy f{lux doEinitLun,f,with the assumption of a uniform_mean flow pro-__
- file.. The slug flow assumption 8ives.accurate results (less than 2%
error) in the flow rate and frequency ranges encountered in the experi-
ments.
The modal power spectra were calculated by multiplying each
spectral point——(an average over a bandwidth of 31.6 Hz) by the energy

‘g rm

weighting function associated with. the bandwidth center frequency. Two

modifications to the measured modal pressure spectra were performed
prior to calculation of the—power spectra. First, the (0,0) mode
pressure spectrum has a sharp peak in the vieinity of 4500 Hz, where the
(0,1) mode starts propagating. However, this peak dies off rapidly**
and 1s not associated with power flow—in the (0,0) mode. The (0,1)
mode peak was removed by making a straight line approximation to the. . }
(0,0) mode pressure spectrum in this reglion. Secondly, above 4800 Hz
the  (1,0) mode is combined with the.. (3,0) mode. However, in many
cases the  (3,0) mode dominates the signal strongly. Thus the modal
pressure spectrum—in this region-is assumed to be equal to the (3,0)
mode only, and a-straight line approximation to the (1,0) node pres-
sure spectrum was used above 4800 Hz. For illustration, the calculated
modal power spectra associated with the pressure spectra in Fig. 1t are

shown in Fig, le,

The overall acoustic etticiency and the efficiency of each mode

were caleulated using the followfug definit fon of acoustic efficlency,..

* .“
' Use of the Mohring or Blockhintsev energy flux definitions, also
discussed fn Chapter 4, would change the calculated acoustic cnergy flow
by less than 3%,

Rk
Except for the 3,18 mm nozzle data.
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where lf is the calculated downstream energy flow, m is the-mass
flow rate through the restriction, and Ui is the indicated velocity
calculated by an isentropic expansion to the minimum wall pressure
measured just downstream of the restriction. The overall efficiency,
which is the sum of the efficiencies of the (0,0), (1,0), (2,0), and
(3,0) modes, is plotted as a function of Mi in Fig. 17.—

The overall efficiencies for the 12.7 and 19.0 mm.orifices vary
approximately as Mi’é , very similar to the MS dependence predicted
for a free jet by the Lighthill theory. The overall efficiency curve
normally associated with free jets, n = 2 x ].0-5 Mz .

Fig. 17 for comparison. It can be seen that the order of magnitude of

is plotted on

the present results is also similar to that of the free jet case.

The overall efficiencies for the two 16.2 mm nozzles agree very
closely with each other and with the results for the 19.0 mm orifice.
The cross-sectional area.of the nozzles was chosen to match the vena
contracta of the 19.0 mm orifice. Thus the close agreement in these
experimental results indicates that the exact shape of the obstruction
is not critically important in determining the sound power generated.

The efficiency curves in Fig. 17 show a strong dependence on the
diameter ratic, (d/D) . An increase in (d/D) produces a higher value
of the efficiency, for constant Mi,' There are two possible reasons
why this might be the case. First, as (d/D) increases, the influence
of the confining pipe wall on the jet structure increases. The entrain-
ment and turbulence structure within the jet will be altered, and the
noise generated by unsteadiness in the region where the jet reattaches
to the pipewall may also become important. However, as (d/D) becomes
sufficiently small, effects based on such hydrodynafiic causes should
become unimportant.

Mean flow and wall hydrodynamic pressure measurements indicate that

the type of (d/D) effects discussed above are probably not important
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for tke 12,7 and 19.0 mm orifices. However, large differences exist
between the efficiencies. for these cases, 4 Ssecond explanation of the

(d/D) effect is thus required, It is based on acoustic considerations.

area, it may be more effective in generating Propagating acoustic duct
modes than one- which spans only a small portion_of the cross section..
To test this Ssupposition for cages with small. (d/D) ratio, the
efficiency was divided by the area ratio, (d/D)2 » and. plotted .in
Fig. 18. Good. agreement ig obtained for the 12.7 .and 19.p0 mm-orifice
data. However, the results for the 31,8 mm  orifice and.the 3 18 mm

18, it must pe kept in mind that only the frequency range 200~6000 Hz
was measured. Thus, for low values of the frequency ratio (or Strouhal
frequency), only the energy associated with the upper end of the jet
noise spectrum is accounted for, and for high values of fr only the
low frequency end of the jet noise Spectrum would be accounted for,

For the 12.7 and 19.0 mm orifice cases, the Strouyhal frequencies were
between 1000 ang 6000 Hz , and. comparison of the results for these two
orifices ig Probably affected little by differences in fr .

Although. the modal spectra for the 3,18 mm nozzle (d4/p = 0.02)
appear to be fairly flat, the Strouhal frequencies for this restriction
(10,600 Hz f-fSt < 19,900 Hz) are substantially above the measur.ed
frequency range. Thus, in calculating the acoustic energy flow the

The 31.8 mm orifice data have much lower values of the frequency
ratio (0.46 f-fr < 1.50, 325 H2 < fqt < 1060 Hz) than those associ-
ated with the 12,7 and 19.0 mm orifices. 1In calculating the acoustic
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power generated by the 31.8 mm orifice, a portion .of the lower end of
the jet.noise spectrum has been neglected. This could explain why the
data for. the 31.8 mm orifice fall below the data for the 12,7 and

19.0 mm_orifices in Fig. 18. However,. if the lower values for the
31.8.mm orifice were exclusively due to the measured frequency range
being off the peak of the jet noise spectrum, the data at lower values
of Mi would appear proportionately farther below the 12.7 mm and

19.0 mm oxrffice.data, since this effect increases for lower fr .
Comparison with the extrapolated curve on Fig. 18 shows that this is

not the case, contradicting a simple explanation that the lower values
for the 31.8 mm orifice are.simply due to the measured frequency range.
being off the peak of the jet noise spectrum. This_result leads us to
believe that those (d/D) effects which are caused.by the influence

of the confining pipewall on jet turbulence and entrainment, OF possibly
the noise generation associated with flow reattachment, are of impor=
tance for the 31.8 mm orifice.

The results for the 50.8 mm orifice are also shown on Figs. 17 and
18. Although the two points show (d/D) trends similar to those observed__
for the 31.8 mm orifice, the actual values should be viewed with some
skepticism, for the reasons discassed in Sections 3.6 and 3.7.

The result of a simple acoustic power measurement, using one wall-
mounted microphoné, was compared to the exact acoustic power in the
frequency range 200-6000 Hz calculated by use of the modal pressure
spectra, For the single microphone measurement it was assumed, in
calculating the acoustic power flow, that the total signal measured by
the microphone was that of a plane wave. The single microphone measure-
ment typically gave a sound power level approximately 1.5 dB above the
actual sound power. The greatest difference between the two measure=
ments was less than 2 dB. An overestimation of the acoustic efficiency
by approximately 40% would result from an error in sound power measure-
ment of 1.5 dB. Although an overestimation of this amount is not
extremely bad for such an easily ob.ained acoustic measurement, the

lack of information about the modal characteristics of the sound field
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might result in a much more serious error in estimating the noise
that would be transmitted through the pipewall or out the pipe inlet

or outlet.

3.6 Magnitudes of the Hydrodynamic Pressure Fluctuations at the

Measurement Station

The modal pressure measurements were made- upstream of the outlet
plenum in the region containing turbulent_pipe flow. No effort was
made to eliminate the influence of hydrodynamic pressure variations
in .the development of the modal measurement technique. Thus the
acoustic measurements would be jncorrect if the acoustic: pressure
fluctuations were not large compared to hydrodynamic pressure fluctua-
tions. This potential source of error was easily checked by use of a
cross-correlation technique (discussed on page 20), at least in the
200-2100 Hz frequency range, where only plane waves propagate. Cross~-
correlation measurements showed that the hydrodynamic pressure fluctua-
tions were approximately 15 dB below the acoustic pressure fluctuations
in the 200-2100 Hz frequency range, for all restrictions except the
50.8 mm orifice. In the case of the 50.8 mm orifice, with Mi = 0,225
(the highest filowrate), the cross-correlation measurement showed- that
the hydrodynamic pressure fluctuations were approximately 9 dB below
the acoustic pressure fluctuations in the 200-2100 Hz range. Details
of these measurements are. given in Appendix A7.

Above 2100 Hz, higher modes can propagate and the cross-correlation
technique is not as useful. However, at sufficiently high frequencies,
the turbulent pressure fluctuations will be essentially uncorrelated
over distances of the order of the pipe radius. Then, separating the
wall pressure fluctuations into the acoustic and hydredynamic parts,
i.e., Pw(e) = Pac(e) + Phydro(e) , and substituting into Eqns. (2-9),

we obtain
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Thus the error term associated with the (0,0) and (2,0) mode
measurements is 3 dB below the corresponding term in the (1,0) mode
measurement, for uncorrelated hydrodynamic pressure fluctuations.. Now,
below the cutoff frequency of a particular mode, acoustic pressure
fluctuations die off.-.exponentially from the source. Thus, at a.reason~-
able distance downstream of the noise-generating region (2 5D) , for
frequencies below the mode cutoff frequency, essentially only hydro-
dynamic pressure fluctuations will be detected by the measurement tech-
nique. Therefore, examination of the (1,0) and (2,0) mode spectra
below their cutoff frequencies.will give a good indication-of the
magnitude of the hydrodvnamic pressure fluctuations at higher frequen-
cies.

Typical modal spectra for the 50.8, 31.8, and 19.0 mm orifices are
shown in Fig. 19, The 50.8 mm orifice has the largest hydrodynamic
pressure fluctuations... However, even in this case the higher mode
acoustic pressures—are at least 20 dB higher than the contributions due
to the hydrodynamic pressure fluctuations, as evidenced by the rise in
the (1,0) mode spectra at its cutoff frequency. However, the (0,0)
mode spectra may have been influenced by hydrodynamic pressure fluctua-
tions, for the 50.8 mm orifice. Examination of the higher mode spéctra
below their cutoff frequencies for the 31.8 and 19.0 mm orifices shows
that these measurements were uninfluenced by hydrodynamic pressure
fluctuat fons, The hydrodynamic pressure fluctuations are smaller,
compared to the acoustic pressures, for the 19,0 mm orifice thdn for

the 31.8 mm orifice, as would be expected,
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A final point of interest is that the difference between the error
terms for the (1,0) and (2,0) mode spectra (i.e.,. the spectral
. curves below the (1,0) mode cutoff frequency, 2100 Hz) is approxi-
) mately 3 dB. This was the result obtained in Eqns. (3-3), in which it
was assumed that the hydrodynamic pressure fluctuations at each micro-
phone were uncorrelated. Also, for the highest flowrate case with the
50.8 mm orifice, M, = 0.225 , the (1,0) mode error-term lies
approximately 12 dB below the (0,0) mode spectra.* Since the (1,0)
mode error term in Eqn. (3-3b) is. equal to %j;g;dro s this shows
good agreement with the cross-correlation measurement, which gave a
value of 57~ 9 dB below the acoustic Pressure in this frequency .

hydro
range.

The results presented in this section show that the acoustic modal
Pressure measurements were not influenced by hydrodynamic pressure

fluctuations, with the possible exception of the (0,0) mode for the
case of the 50.8 mm orifice.

. 3.7 Background Noise

In the previous section, the possibility of noise measurement errors
due to the presence of hydrodynamic pressure fluctuations was discussed.
However, even though the hydrodynamic pressure fluctuations are small
compared to the acoustic pressure fluctuations, the background noise
generated by the rig itself may influence the measurements. To check
these background noise levels, modal pressure spectra were measured with
no restriction in the test section. The background noise levels-were
then.compared to pressure spectra measured with a restriction in the
pipe, at the same mass flow rate.— For the 31.8 mim orifice the back-
ground noise levels were always at least 15 dB below the equivalent

. modal spectra measured with the restriction in place. The comparative

background noise levels were even lower for the smaller diameter restric-
s tions.

*
See Fig. A3-15,

1
i
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For the 50.8 mm orifice, the background noise levels were very
close to the levels measured with the restriction in place, for all
but the two highest flowrate cases, Mi = 0.187 and 0.225 ., For the
Mi = 0.187 case, the background levels were approximately 5 dB below
the levels measured with the restriction in place. Ia the highest
flowrate case, Mi = 0.225_, the comparative background noise levels
should be somewhat lower. However, the 50.8 mm orifice data should be
viewed .with some skepticism, especially as to the exact magnitude of

the.noise levels generated by the orifice.

3.8 Pipewall Excitation by Acoustic Duct Modes

Modal pressure measurements taken 2.2 meters downstream of the
restriction in an early phase of the research showed unexpected dips
in the higher-mode spectra. An example of this behavior is shown in
Fig. 20. The (1,0) mode spectra has a pronounced.dip at approximately
2500 Hz, and the (2,0) mode has a similar dip at approximately 5000 Hz.
The other modes are unaffected at the frequencies of the dips. When the
measurement location was moved much closer to the restriction (0.7
meters downstream), the dips disappeared.

Many possible explanations for these dips were considered to be
theoretically feasible. However, our conclusions on this matter are
based on experiments using simple modifications to the apparatus. (i)
To see if the dips were related to the particular restriction,. several
different restrictions were tested. (ii) The outlet plenum and associ-
ated downstream pipe were removed, to check if the dips were related to
physical characteristics of the plenum. (1ii) The distance between the
restriction and the outlet plenum was substantially shortened to check
finite length tube impedance effects. (iv) The pipe support spacing
and locations, as well as total pipe length, were changed to see if the
dips were related to overall vibrational characteristics of the rig. In
all of these tests there was no substantial change in the frequency or
magnitude of the dips. Thus, it was concluded that the dips were related
to an interaction of the acoustic waves with the pipewall itself, rather

than to the effect of a particular feature of the rig.
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At this point it is helpful to examine the type of pipewall
vibration caused by different acoustic duct.modes. The cross-sectional
pressure patterns for the first three modes are shewn in Fig. 21. The
(0,0) mude has a circumferentially symmetric pressure field and thus
tends to expand the pipe in 2 breathing mode, where the pipe cross
section simply expands and contracts. The pipe is very stiff with....
respect to this type of excitation.. The (1,0) mode has an asymmetric
pressure distribution, with one half of the cross section positive and
the other half negative at any instang. This mode represents,awfluctu=
ating unbalanced force on the pipe and would tend <o. excite the bending
or extensional vibrations of the pipe. The (2,0) mode has two
quadrants positive and two negative at any instant in time. This mode
will tend to excite the hoop vibrations of +he pipe wall, in which the
pipe wall is deformed as sketched in Fig. 21. The pipe 1is relatively
flexible to vibration in an inextensional mode of the latter type.

There are two ways that the pipe wall vibration could selectively
absorb noise in a given.mode at 2 particular frequency. If the axial
phase velocity of the acoustic mode matches the axial phase velocity for
the pipe vibrational mode with the same circumferential mode shape, the
acoustcic and vibrational modes would be phase—locked as they propagated
down the pipe. This would permit very effective energy transfer from
the acoustic wave to the pipe wall. Such a situation would in general
occur at only one frequency, since the phase velocities are functions of
frequency. A second way for the pipe to selectively absorb one fre-
quency of a particular mode is for the frequency to be a natural fre-
quency of vibration for a compatible vibrational mode of the pilpe. Such
modes exist only for finite-length pipes. In- the experimental apparatus
the natural modes would most 1ikely be related to the length between
pipe flanges, as the flanges are much stiffer than the pipe wall and
effectively serve as vibrational boundary conditions. To check this,
the 1.5 meter length pipe section which was upstream of the measurement
location for the spectrad shown in Fig. 20 was replaced by several 0.6

meter length sections. The measurement station was 2.36 meters
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downstream of the .orifice in the new configuration, as opposed to 2,2
metevrs -downstream for the.spectra in Fig. 20. ‘fhe spectra taken at the
new location are shown in Fig. 22. It can be seen that the dip in the
(1,0) mode is very similar to that in Fig. 20, while the dip in the
(2,0) mode has been substantially reduced. This result indicates

that the.mechanism that Produced the dip at 2500 Hz is somewhat differ-
ent from the one that Produced the dip at 5000 Hz. Further research
would he necessary to develop a complete explanation of this behavior,
but this mode selective absorption is believed to.be a result of pipe
wall modal vibration.

It is-clear.from the above discussion..that to adequately predict
the noise field outside a-.pipe, research on thé modal transmission
characteristics of Pipes is necessary. The importance of the higher
modes should.not be underestimated. Results presented by Kuhn (1974)
indicate that the (1,0) mode can transmit a significant amount of
sound through the pipe wall, even below its cutoff frequency. Because
of greater pipe wall flexibility to higher modes, noise transmitted by
higher modes may be of major importance, even when the plane wave

((0,0) mode) pressure is the dominant component inside the pipe.

3.9 Effect of the Outlet Plenum on Acoustic Waves

As discussed in the introductory section of this chapter, one of
the design objectives of the experimental apparatus was to eliminate the
influence of hydrodynamic pressure fluctuations on the acoustic measure~
ments. This was accomplished by allowing the acoustic waves to prop-
agate through the outlet Plenum into the no-flow zone behind the plenum.
However, acoustic measurements in the downstream no-flow zone must be
corrected for any attenuation caused by the outlet plenum section,
Roberts and Johnston (1974) used a correction factor of 1-2 dB to
compensate for outlet plenum attenuation,

In an early phase of the present research, it was found that the
hydrodynamic pressure fluctvations were small compared to the acoustic
Pressure fluctuations ir the regi upstream of the outlet plenum, for
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sufficiently small (d/D) . This result-allowed-a direct comparison of
modal pressure spectral measurements-ahead.of and behind. the outlet
plenum.. A set of spectra measured in the flow zone upstream of the out-
let plenum 1is shown in Fig. 23a. The pressure spectra in the no-flow
zone for the same experimental-conditions .are shown in.Fig. 23b. Com-
parision of the spectra shows an approximately constant 2-3 dB.attenua-
tion of the (0,0) mode across the outlet plenum, for frequencies
below 4400 Hz. .. The higher modes were much more.strongly attenuated.
The.. (1,0) mode.shows a typical reduction of approximately 7 dB, and..

the (2,0) mode shows a.typical reduction of approximately 12 dB. The.... ...

(3,0)__ mode was not even distinguishable from the (1,0) mode .in.the
no~flow zone. spectra, compared to a rise of approximately 9 dB over the
(1,0) mode in the flow zone upstream of the outlet plenum. The atten-
uation of the higher-mode resonance peaks was more than 15 dB.. Thus the
outlet plenum had a strong effect on the acoustic waves, especially the
higher modes, and measurements. in the downstream no-flow zone are not
very representative of the noise field generated. by flow through the
restriction (except possibly for the (0,0) mode, if an appropriate
correction factor is. used).

The attenuation produced by the outlet plenum is caused either by
absorption of the .acoustic waves or by reflection of the waves-back up-
stream.. The higher mode spectra taken upstream of the outlet plenum
(Fig. 23a) have small, regularly spaced fluctuations of-1-2 dB. These
samll fluctuations are characteristic of standing waves or strong
reflections, in which the reflected wave either reinforces or partially
cancels the downstream propagating wave at the measurement location.. ...
The- spectra-taken downstream.of the outlet plenum-for the same flow.-
conditions (Fig. 23b) de not exhibit such strong standing_ wave behavior,
indicating that the outlet plenum section-causes stronger reflections of
the higher modes than-the anechoic terminatien.

There are two main changes in acoustic properties caused by the
outlet plenum. One of these is the change in the wall impedance due to

the porous element, and the other is the deceleration of the mean flow.
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A rig modification, which might significantly decrease the reflections
caused by the outlet plenum, would be to mount the anechoic termination
cone so that it extended into the plenum in the.same.region as the
porous pipe section. This modification is illustrated in Fig. 24. As
well as possibly reducing reflections caused by the change in wall
impedance, the change in cross-sectional area would decrease the rapid
deceleration.due to the flow exiting through the porous..element. In

this modification, it might also prove convenient to mount a fifth

microphone in the cone tip, for use with an extension.. of..the mode ... ... .

separation techniques.

3.10-Summary

Downstream modal pressure spectra have been measured for-the case
of noise generated by air flow through a number of different coaxial re-
strictions in a long, straight, 97 mm diameter pipe. The restrictions-
tested were A.S.M.E. flow-metering orifices.with_diameters of 12.7,
19.9, 31.8, and 50.8 mm, and three nozzles (3.18 mm diameter and two
16.2 mm diameter nozzles with respective throat length-to-diameter
ratios of 1 and 8). The Mach numbers of the flow through the restric-
tions ranged from 0.15 to slightly supercritical flow.

The modal pressure spectra were measured in the 200-6000 Hz fre-
quency range. The (0,0), (1,0), (2,0), (0,1), _and (3.0) modes are
propagating modes in this frequency range.

The shape of the modal pressure spectra was found to be determined
chiiefly by the frequency ratio, fr = y/nSt = UiD/aod . Yy 1is the non-
dimensional frequency governing acoustic mode propagation inside the
pipe, and St 1is the nondimensional frequency governing the jet noise
spectrum shape. At low values of fr the measured frequency range is
in the upper end of the jet noise spectrum, and the spectra fall off
rapidly with fncreasing frequency. At higher fr the measured fre-
quency range contains the broad peak of the jet noise spectrum, and the

spectra are basically tlat in the range 200-6000 liz.
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The relative amplitude of the (0,0) mode and the higher modes,
at frequencies above the higher mode cutoff frequency, depends _strongly
on the frequency ratio, For low f. the (1,0) , (2,0) , and (3,0)
modes dominate the spectrum above their cutoff frequencies. At high
values of fn all modes-have approximately equal amplitudes. This.
behavior can be understood-by realizing that.at low fr the noise at
frequencies where. the higher modes propagate is. generated in the initial
region of the. jet near the nozzle exit. Large-scale. structures which
exhibit.circumferential coherence are found in this region.. Higher mode
dominance indicates that the higher_order-circumferential structures
("fluting") are more important than the zero-order symmetrical struc-
tures in the initial region of the jet. At higher values of fr the
noise in this same frequency band is generated much farther downstream
in the jet. 1In this downstream region the large-scale structures have
lost much of their circumferential coherence, and thus the higher modes
do not dominate the noise spectrum.

All of the higher modes. rise to a sharp peak at their cutoff fre-
quencies, where the mode is at a resonance condition. However, with
the exception of the 3.18 mm nozzle case, the amplitude of the (0,1)
mode dies off rapidly at frequencies above its—cutoff frequency, _while
the amplitudes of the (1,0), (2,0), and (3,0) modes do not exhibit
this behavior. For the 3.18 mm nozzle, the amplitude of the (0,1)
mode did not die off rapidly at frequencies above its.cutoff frequéncy.
This-can be exploined by the fact that, for this restriction, the noise
source reglon spans only a very small portion of the duct cross-sectional
arca.

Modal acoustic power spectra-were calculated using_ the measured
Pressure spectra and integrated over the frequency range 200-6000 Hz.
The overall efficiencies were plotted vs. the indicated Mach number of
the jet thar issues from the orifice or nozzle, In general, the effi-
ciencies were of the =ame order of magnitude as those for free jets.

The values of the efficiencies for the 16.2 mm nozzles and the

19.0 mm orifice agreed very closely. The nozzle size was chosen to
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match- the vena contracta of the 19.0 mm.orifice. Thus, this result
indicates that the-_exact shape of the restriction is not very impertant
in determining the sound power produced..

The ratio of.the restriction diameter to pipe diameter, (d/D) ,
had a considerable-effect on the efficiency results., 1In general, the-
value.of the efficiency increased as (d/D) 1increased, for constant
Mi.' The efficiencies for the 12.Z.and 19.0 mm orifices varied approxi-
mately as Mi's . The data. for the 31.8 mm orifice extended. to.lower
values of Mi and had a-slightly lower slope than that of the smaller..
orifices. The data for.the 3.18 mm nozzle also had a slightly lower
slope than that-for the 12.7 and 19.0 mm-orifices. It was found that
when the efficiency was divided by the area ratio, (d/D)z',_the data
for the 12.7 and 19.0 mm orifices collapsed on a single curve.. The
31.8 mm orifice data, when. 1 was divided by (d/D)z', fell slightly
below the correlated data for the smaller orifices... This result is
thought to be due to the increased effect of the confining pipe wall in
determining the fluid dynamic noise generation characteristics of the
jet, for larger (d/D) . The data for the 3.18 mm nozzle, when divided
by the area ratio, also fell somewhat below the correlated data for the
small orifices. This may have been due to a failing of the area scaling
law for small (d/D) » or simply to the fact that only a limited fre-
quency range, 200-6000 Hz, was measured. However, considering the
simplicity of the scaling law, the success of this correlation over.a
large range of (d/D) values is quite striking.

Hydrodynamic pressure fluctuations due to the turbulent pipe flow
were-measured and found to be unimportant-compared to the acoustic
pressure levels downstream of the restriction, for values of
(d/D) < 1/3 . For the 50.8 mm orifice, the hydrodynamic pressure fluc-
tuations were most important at low flowrates, but affected only the
(0,0) mode. The rig background noise was much higher than the level

of the hydrodynamic pressure fluctuations, and hecame significant for
large (d/D) .
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Chapter 4

ACOUSTIC ENERGY PROPAGATION IN A CIRCULAR DUCT
CONTAINING AN AXISYMMETRIC, SUBSONIC MEAN FLOW

4.1 Previous Work.

The development of concepts of.and. expressions for. acoustic energy

similar. expressions for acoustic propagation in-an unbounded medium.
The classical expressions for the acoustic energy flux and .acoustic
energy density in the case of an initially uniform and motionless

medium are

T = ' ' -
3 p'v (4-1a)
and
1 E'z Y '_'|2
& = 2-°2%2 %" (4-1b)
pOaO

respectively.. .In Eqns. (4-1), p' 1is-the perturbation pressure, V'
is the perturbation velocity, po is the density of the undisturbed
medium, and a, is the adiabatic speed of sound in the medium. .The.
instantaneous. quantities Es and Jg satisfy the special form of the

thermodynamic energy equation,

358 _ .
-a—t—"'div JB = 0 (4-1c)
when heat conduction and viscosity effects are ignored. Eqn. (4-1c)
is satisfied up to second order in the perturbation quantities (p',v")
and can be derived by a straightforward manipulation of the sécond-

order acoustic equations (the derivation is a special case of the more

general analysis given in Section 4.2).
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The quantities in Eqn.- (4-1lc) have easily recognizable physical
significances. The acoustic energy flux, 3; , is the flow work term.
The acoustic energy density, gs , consists of two.parts. In essence,
the first part is the elastic energy of the acoustic wave, and--the
second part.is the kinetic energy of the acoustic.wave. The_acoustic
energy flux given by Eqn. (4-la) is directly applicable to acoustic
propagation. inside ducts and has found widespread use for cases with
no mean flow. Eqn. (4~lc) contains no source terms and.-thus time-
averaging the equation.gives div <,3; > =0, which is a very useful
property.. For example, the total acoustic energy radiated from a.
duct end (i.e., the acoustic.energy crossing surface 82 in Fig. 25)
can be determined by measuring the acoustic energy which crosses ...
surface Sl inside the duct. This considerably simplifies the
measurement.

An acoustic energy equation for the case.of a uniformly moving
medium can be derived using the same approach as used for the case of
a medium with no mean flow. The energy equation is the same as Eqn.
(4-1c), except that 3; ié modified to include the convection.of the
acoustic energy density by the mean flow; 1i.e.,

T o= gV 4V (4-2)
This result is also a special case of the analysis in Section 4,2,
Because of the simple physical interpretation of Eqn. (4-2), this
energy flux will be called the physical energy flux (denoted by J ) —

Thus, for the case of a uniform mean flow the acoustic energy equation
still contains no.source terms. An analysis very similar to this, but
restricted to acoustic propagation inside of constant area ducts,. has
been presented by Eversman (1971).

One of the first important steps in analyzing acoustic propaga-
tion in a nonuniformly moving medium was made by Blockhintsev (1946) .
He considered the case of high frequency waves where the acoustic wave-

length is short compared to the length over which substantial changes
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in the mean flow.occur, i.e., the geometric acoustics limit. The
analysis of Blockhintsev 1s basically a perturbation-expansion in terms
of a wavelength-parameter.where only the lowest-order terms are
retained. 1In this limit the acoustic waves appear locally as plane
waves that propagate along acoustic rays.. The geometry of the acoustic
rays.is given by the solution_of the eikonal equation, and the varia-
tion of amplitude along the ray is given by an equation which
Blockhintsev calls "the law of .conservation of the average encrgy in.
geometrical acoustics." . This equation has the form of _an energy equa-
tion, and the energy demsity and energy flux agree with Eqms. (4-1) for
the case of no mean flow. However, the energy density and energy flux
defined by Blockhintsev do.not reduce, in the limit of a uniform mean
flow, to those quantities derived from the thermodynamic enexrgy equation,
58 and ji . This leads to the conclusion that the "energy flux"
defined by Blockhintsev is not the physical energy flux, but rather a
particular flux that is conserved in the geometric acoustics limic.
This last point has been amplified by Bretherton and Garrett (1969),
and by Hayes (1968). Bretherton and Garrett, utilizing a-Lagrangian
description of the fluid motion and Hamilton's principle (following the
approach of Whitham (1965)), showed that a quantity they called wave
action density" is conserved in the geometric acoustics limit, whereas
wave energy is not. Bretherton and GCarrett define wave action density
as E = gs/w' , Where Es. is the acoustic energy density (Eqn. (4-1b))
and ' 1is the intrinsic frequency of the wave, i.e., the frequency as
measured.by an observer moving with the mean flow. This quantity

satisfies a conservation equation, i.e.y

2 4+ atv(cr) = 0. (4-3)
In Eqn. (4-3) C = aoﬁ + V; , where T is a unit vector in the direc~
tion of the acoustic velocity V' . Multiplication of the wave action
density by the circular frequency, W (a constant), leaves Eqn. (4~3)
unchanged. Blockhintsev's result is obtained simply by setting

E = wﬁs/w‘ in Egn. (4-3).
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Hayes (1968) derived. this result in an entirely different manner.
He showed .that for_isentropic acoustic fluctuations in a nonuniformly

moving medium, the perturbation equations can be manipulated to yield

W-"div Js = . -po(v .. Vo) * vt = (I-1) 0 a2 div vo_ *
0 O

(4-4)

I =1/a (Bpalap)s » evaluated at the mean flow.conditions. This equa-
tion, which is only stated in final form by Hayes, was derived indepen-
dently during the course.of the present investigation. It was later
found that Hayes.had presented this result.in hds 1968 paper. Eqn.
(4-4) 1is accurate to 0(62) , and contains only the first-order
perturbation quantities. The left-hand side.of Eqn. (4-4) is identical
to the result derived previously for a uniformly moving medium

(Eqns. (4-2) and.(4~1b)). However, for a nonuniformly moving medium,
the right-hand side is no longer equal to zero. The texms on the
right-hand side of Eqn. (4-4) are normally referred to as source terms,
although this separation into right-hand and left-hand sides-is some-
what arbitrary. Due to the physical interpretation of the terms on the
left-hand side, as discussed earlier, and the fact that the right-hand

side cannot be expressed as.a-simple divergence term, this view seems
appropriate., For the.cases of .zero.mean flow and.uniform mean flow,
the source terms in Eqn (4-4) are zero.and the resulting equation-
agrees with Eqns. (4-1) and (4-2).

Hayes evaluates Eqn. (4-4) in the geometric acoustics limit. He
then adds an expression to each side of Eqn. (4-4) in order to cancel
the source terms. The resulting_equation can then be written in-the
form of Eqn. (4-3), whieh is the result obtained by Blockhintsev and
by Bretherton and Garrett. Various othéer investigators (Guiraud, 1964;
Cantrell and Hart, 1964; Ryshov and Schefter, 1962; and Morfrey, 1971a)
have also obtained results similar to those discussed above. However,

these analyses will not be disnussed in detail here. A convenient form
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of the Blockhintsev type energy flux is given by Cantrell and Hart
(1964) as

p,Z_ Pi"‘"‘n"’
Vo + 2 (Vovv.) vo

=B _ 1 e T
JS p'v' + pQ(V0 vY) vt + 2
p.a

oo °

(4-5)

Equation (4-5) will be used in the remainder of this chapter when
discussing Blockhintsev type energy fluxes, and is denoted by 32 for
clarity.

A.number. of investigators. have applied the Blockhintsev type
energy analysis to acoustic propagation inside of ducts with flow.
Morfey (1971b) considered the case of a uniform axial flow in a com—
stant area duct. Candel (1975) considered propagation in acoustic ducts
of slowly varying cross section. In his analysis, the mean flow was
assumed to be uniform.at each axial stationm. In.principle, the.
Blockhintsev type energy flux can be applied inside a duct when the
mean flow is sheared, at least in the high frequéncy 1imit. The
validity of this approach for hard-walled cylindrical ducts is examined
later in this chapter.

Mohring (1971) has developed acoustic energy quantities for the
case of a parallel sheared mean flow in a constant area duct. He used
a.conservation equation derived from Seliger.and Whitham's (1968) form
of Hamilton's principle. There is no restrictiom to high frequencies
or. low values of mean sheax. The energy flux derived by Mohring is a
conserved quantity for all conditions and reducés to the Blockhintsev
energy flux for high frequencies and low values of the mean shear.

To summarize, there have been basically two approaches followed-in
defining acoustic energy quantities. The first approach uses the
thermodynamic energy equation and equations of motion to derive an
acoustic energy equation. The acoustic energy density and acoustic
energy flux defined by this approach are appealing, because of the
direct physical interpretation of the expressions. However, the

acoustic energy equation developed from the thermodynamic energy
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equation contains- source terms in_the general case of a nonuniformly
moving medium, and thus the time-averaged energy flux is not diver-~
gence free,

In. the second appreach, expressions which. fulfili a conservation.....
equation, i.,e., an energy equation without Source-terms, are sought.
Normally such an equation-applies only to. certain classes of .problems.
For.example, the Blockhintsev_flux is-a conserved quantity only in the
geometric acoustics limit, and M3hring's_resul: applies only to ducts.
with a parallel shear flow. Although the flux defined by such an equa-
tion is .a conserved quantity, this flux is. not always the thermodynamic
energy flow associated with the .acoustic perturbation. This distinc-~
tion.should be kept in mind-when considering acoustic energy flux
expressions developed from a conservation equation approach.

The research presented in_this chapter examines two aspects of
acoustic energy flow in ducts containing a mean flow with axisymmetrie
nonuniformity. The first of these concerns the applicability of
energy flux expressions based on the thermodynamic energy equation
(Eversman, 1971; Ryshov and Shefter, 1962; and Guiraud, 1964) to the
case of a parallel sheared mean flow in a duct. This energy flux
(Eqn. (4-2)) has been thought to be applicable only to cases with very
low mean shear, because it does not reduce to Blockhintsev's energy
flux in the geometric acoustics limit. However, in this chapter it is
shown that the energy flux given by Eqn. (4-2), with minor modifica-
tions, is indeed a valid formulation for acoustic propagation in a
circular, constant-area duct containing an axisymmetric sheared mean
flow.

A_second aspect of the energy flux inside ducts which was examined
in the present investigation concerns the agreement between the flux
term derived by Mahring and that derived for the geometric acoustics
limit, Eqn. (4-5). The Blockhintsev type flux is conserved in the
geometric acoustics limit, but for lower frequencies or high mean shear
the Blockhintsev energy equation (4-3) would contain source terms and

thus this flux would not be conserved. It would be useful to have a
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quantitative understanding of the conditions under which this flux is..
conserved. Since the Mohring flux is conserved under all conditioms,
and agrees with the Blockhintsev flux in the geometric.acoustics limit,
a .direct- comparison of-these flux terms for specific cases will.
{ndicate the importance of the source term in the Blockhintsev energy
equation.

The comparison of the Mohring and Blockhintsev energy flux terms
will also serve a second purpose. The usefulness of the Mohring
acoustic energy flux is somewhat 1imited in that the flux is not defined.
except. for the case of a. constant area duct containing a parallel
sheared mean flow. Thus,. although Mohring's energy flux is a conserved
quantity in the duct, it is not clear how to relate this conserved
quantity to the acoustic energy that propagates—out the duct inlet or
outlet into the surrounding region. .Since the Blockhintsev flux is
defined outside as well as inside the duct, a comparison of the two
energy flux quantities serves to relate_the Mohring flux to a flux
quantity defined outside the duct.

4,2 Derivation of the Physical Energy Equation

In this section an acoustic energy equation (4-4) is derived from
the_thermodynamic energy equation. Viscous and heat conduction effects
are ignored in the analysis. A nonuniform and, in general, rotational
mean flow is eonsidered,. but the entropy of the mean flow is assumed
to be constant. There is some question as to what extent the assump-
tions of constant entropy and rotational flow apply together, since
vorticity is normally generated as a result of viscous effects,. which -

*
increase the entropy locally . However, this has been the approach

*In a long duct, where the pressure {s constant across the duct at
a given section and heat transfer is sufficiently rapid, thermal equil-
ibrium across a section may be approached. Under these conditions,
constant entropv may be a reasonable approximation. In a duct with
adiabatic walls and high subsonic mean velocities, this approximation
may be unrealistic.
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generally followed in analyzing acoustic propagation in a duct_
containing & nonuniform mean flow (Pridmore-Brown,. 1958; Mungur and
Plumblee, 1969; Savkar, 1971; Shankar, 1972) and, with this in mind,
will. be used here. The mean flow is assumed to be steady, although
the analysis could be-extended to include the effects of a slow varia-
tion.in the mean.flow. A complete development of the following analysis
is given in Appendix A8. For brevity, only the essential steps are
outlined below.

The variables. are first separated into mean and perturbation
quantities, i.e., p = Ro + p' , etc. The perturbation is considered .to...

be of order € and for the present may be assumed to include all.

higher-order terms, i.e., p' = ePl + €2P2 + ... . The continuity equa-
tion can be written as

BE' . "7 ! [} = -

3t + div(p V° + pov + p'v'") 0 (4-6)

after noting that div(povg) =0 .
Similarly, the momentum equation can be written as (neglecting
0(ed) terms)
AR 1Y (T oU0' 4+ TVeTT
(Pe#0") Jr + (pe') (V oW' + v' W ) +

AR p'V W _+ V' = 0 (4=7)

after noting that povg . VV; + VPo = 0 , Multiplying Eqn, (4-6) by
' and adding to Eqn. (4-7), we obtain

CTANNETCAAD)

! [T Pl |
Po e e + v' div(p V°+pov ) +

' YV «Uu! vl BNy 2 vleUv? 'V LUV L.
(o t0") (VoW' 4+ v'eW ) + P V' W' + o'V oW+ Vp 0

(4-8)
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The thermodynamic energy equation can be written 88 . .

% ip(e + 3;-;)2 + div %p(e +i;- + %);! = 0 (4-9)

‘heat conduction and potential field effects are ignored.

when viscous,
ons, and noting that

Substituting in the perturbation expressi

- : 2
pe = pe, T B ¥ (a /20, 0 ">

3t — -
S -P 37 . 8V ' 3 (Q‘ V‘J_ -1 37 bapnd |
-§F-+ div JS + Vo Xpo 3t T 5t + v' div(p V°+p°v ) + .
72
t TR ' =, T eu! ' 9
(po+p ) V(Vo v') + Vp]-&- v [QOV(VO v') + (p°+p ) V(ho+ 2)_! +

P div‘VQ = 0 (4-10)

and 3ﬁ are given by Eqns. (4-1b) and (4-2),

accurate to 0(62) . ES
(4-10) 1is simplified by use

respectively. When the third team in Eqn.

of Eqn. (4-8), one obtains

By, gy T4+ 2Lvp T 4 pdlv Tt SeW) = O
ot s po o © P 0 po (")
(4-11)

0(62) , and thus p' and p' are

e to
t the mean flow

This equation is accurat

r accuracy. However, note tha

needed to gecond-orde

continuity equation can be expressed as

- 1 -

Lygp . - -
p, div T, * X p, - Vo 0 (4-12)
[¢)

jon of state p' = £(p") accurate to

(4-12) and the equat
and p' can be combined, result-

Using Eqn.
the terms involving o'

second order,

ing in
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3g

- - . - r- —

R 4dv T o= —p e (W) o3 =S 02 a T (4-a)
P a
o0

accurate to O(ez). The equation is instantaneously satisfied by the
first-order perturbatinn quantities. Eqn. (4~-4) is the equation presen-
ted. by Hayes (1968), as discussed in Section 4.1. When this equation 1is
specialized to the case of a uniform mean flow, the source terms (the
right-hand side) become zcro. For the case of no mean velocity, Eqns.
(4-1) are recovered.

Time-averaging Eqn. (4-4) gives
div <IE > = <-p ' o (W) + v - 02 45y § 5> (4-13)
S o o] o a2 o

This result will be applied to the case of acoustic propagation inside a

duct containing a nonuniform mean flow in the following section.

4.3 Application of the Physical Energy Equation to Acoustic Propagation
Inside Ducts

The time-averaged physical energy equation derived in the previous
section will be applied tec acoustic propagation inside a hard-walled cir-
cular duct. The geometry being considered is shown in Fig. 3. The mean
flow is assumed to be an axisymmetric parallel shear flow, i.e., Vg =
U (r)e . As a result, the source term in Eqn. (4-13) simplifies to
< = pguru, (AU /dr) > . Integrating Eqn. (4-13) over the duct volume be-

orzez
tween two different axial sections 2y and z,, we obtain

P du o
I ~14
. < Jsz - P, u ir > dsdz (4-14)

where J:z is the component of the physical energy flux vector in the
axial direction and ds denotes the differential elcwment of duct cross-
sectional area.

The integrals on the right-hand anc left-hand sides of Eqn. (4-14)
will be evaluated separately.
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4.3.1 Evaluation.of f< Jz > ds
s 2

The left-hand side of Eqn. (4-14) will now be evaluated. The de-

tails of this calculation are given in Appendix A8, We have

P
P = 2" o 12 2 12 )
<JS > = <._2 a2+ 5 (ur +ue +uz) >U°‘+-<pu.z>
z Po?o (4-15)

The solution forms for p', u;, etc., were given in Chapter 2 as

iwt~ky _2)
p' = D Re [Pmn(r,e.) e “mm- ]

, etc.

[ i(wt-k, 2z)
u; = 2 Re LVr (r,8) e Zmn ]
mn

m,n

Substituting these expressicns in Eqn. (4-15) and time-averaging, we ob-

tain
P P* o]
, P
< > = LigRe mabe oy ¢* 42y v
s 2 4 2 2 'r_r 8
z m,n b,c Zpoao mn be mn be
P * 1(kz, -k, )
+-§9-v v )U +P_V e P¢ Fmn (4-16)
z 2z o mn z
mn be be
We also have
B
v * o (4-17a)
Ton po(w-kz Uo)
mn
3P
i 736
T
\' (4-17b)
O m Py (wk, Uo)
and
k P apmn dUo
Zon ™ 3r dr_
mn zn-m o Zmn o
where Pmn is given by
Pmn = Cmn cos(m6-+¢mn) Rmn(r) (4~18)
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Substituting Eqn. (% ioj into Eqns. (4-17) and using these. expressions
in Eqn. (4-16), the following result.is obtained, when < ng > is inte-

grated across the duct cross section..

2 )
N Tr Z E ConCnc €08 @ ~0ny) 1‘1} .
s p.a 2(l+€m) 0 lZ mn mc
dR _dR

s 2 oommn ¢
Rin Bne ) o mn — mc (gb_ﬁ)z
dr dr m Rmanc kmnkmcRmnRmc dr dr dr.
3 t =53 * TR K t*— 273 2
Y% K Yy'r'K_K mn. me Yy K K
mn me mn me mc mn
' dR dR
kmann T-c Sl% kn*c me En ifl:
_ ] dr dr _ __ dr dr
2 2 2 2.
Y Kmnch Y ch mn
_ o dRmc a
kmthnanc mogr dr - — - = -
+ - 2rdr cos(k -k ) 2z (4-19)
K 2.2 mc mn
mc Y ch

The summation is assumed to extend over all cuton modes, and the expres-

sion has been nondimensionalized using

k a
- r - oo © Uo -
r = mn W ’ M= a ° Kmn = (1-kmnM) ’
o o
wr _ wz
Y = = and a
o

The original summation over four indices in Eqn. (4-16) has been re-
duced to a summation over three.indices by virtue of the orthogonality
properties of the cosine functions. The terms multiplied by M/2 are the
cxpansion of < gs > Uo’ and the last two terms in the integral are rela-
ted to < p'ué >. The terms for which c¢ = n are independent of 2,
while the terms for which c¢ # n have a cosine dependence on 2z and an
amplitude which 1s related to the difference in phase angle between the
(m,n) and (m,c) modes.

When the integrated flux f < Jg >ds 1is substituted into Eqn.
]

z
(4-14), the terms for which n = ¢ will cancel out, as these terms are

independent of 7. Thus it proves convenient to break the integrated
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acoustic energy flux into two parts. The part for which .n = ¢ will be
designated by I:, and that for which n # ¢ will be designated by ‘Pi .

We thus have = .

P P
fs <3 >ds = ) o +1’§ (4-20)

z

Further manipulations. of Ii and ri will be performed separately.

4.3.2 Evaluation of P

The part of the integrated acoustic energy flux which is. independent
of. the axial coordinate, ;, will now be examined. Collecting the terms

in Eqn. (4-19) for which n = ¢, we have

aR 2 _
ﬂr2 —— 1 —_ m.z.R2 2 R2
| 0 2 M| 2 dr mn |, o0 mn
P. = 735 4et'm SRt 7 T2 T 2
oo m,n 0 l YK YyrK K
mn mn mn
2
dRmn dM 2 - dRmn dM
— - kaann — = k R2
v dr dr - dr dr + mn_mn
AKA 21(3 Kmn
Y Yo _ Y ®on
dR
Rmn End—ﬂ
L —dr dr % oTdr. (4-21)
2.2
Yy K
mn

——.

where P:m is given by Eqn. (2-8). fhe portion of?i associated with
the convection of < 1",5 > by the mean flow can be simplified by an inte=

gration by parts. We have

ar_ 2 - dR ) L
1M(dr) —— 1 ale ez | = 1™ ar dr o2
5 rdr = - MR I F T2 dr - —_— rdr
0 KoL 0 dr Ko 0 L,
™ (4-22)

as the contributions from the end points vanish by virtue of the boundary
conditions on Rmn' The first integral on the right-hand side can be re-
written by use of the differential equation for Rmn (Eqn. (2-3)). When
this result iu substituted back into Eqn. (4-21), the following result is

obtained.
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: 2 R mn-aM
i __ i T — —

' P r "'mn-l 2 1 1 Wl gr dr

1Pa " p_a Mty K Rmn X_ t3 2,2
oo m, n : mn mn , Y Kmn

f (——“ ) ( ““)2
Y + %_ dr4 ; dr 2rdr (4-23)
. Y K

The expression ]P is.actually the.total energy flow in the direc=

is cancelled by the source.term in .the physical energy equation, as will.
be shown in Section 4.3.5. When . dM/dr is set to zero in Eqns. (4-23),
ZP§ reduces.to the time-averaged energy flow derived by Eversman (1971).

For. convenience in later work, the acoustic energy flow will be expressed

as
2
Tr -
Pt - = E P2 EWF. (4-24a)
a p.a mn mn
O 0 m,n

where the physical energy weighting function is given by

dR

2.2

vik2 gl

K 2

(4- 4b)
This expression is called an energy weighting function because it relates
the wall acoustic pressure level to acoustic energy flow in the direction

of the pipe axis.

4.3.3 Evaluation of 1?5

The part of the integrated acoustic energy flux which is a function
of z will now be examined. Collecting the terms in Eqn. (4-19) for
which n # ¢ and noting that the summations over n and ¢ both have

the same upper bound, P‘l: can be manipulated to yield
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an dr__\2
P 1 k 2 1 1 ®un dr dr LM dr. -
EWF =/ M+ "2 RS- + = I_or +3 L.} 2rdr
0 j
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: i

PR
O —

Tr

2

C_ C cos(dp_-¢_) 1

P 0 mn - me me ‘mn = = -

mb " p.a 2 2 2(14+¢) cos(kmc_kmn.)._f_/ M RmcRmn
oo mn c<n m 0

dRmc dRmn ) o dRmn dRmc (QM,)Z
+ dr dr - m Rmanc " kmnkmcRmn,Rtuc + dr dr ‘dr
Y2K K YZF?'K K l(mnch y4K2 Kz
me mn mn me mn mc
= dRmc M = dRum M g _
oM o g "™ ar odr |, Sme, fmp g
2. 2 2 2 K K mc mn
Y kmnch Y chKmn me mn
dRmc an . dRmn an.
mn = T me = 1
dr dr _ de_dr \ Zif . (4-25)
21(2 21(2
Y me Y mn

The part of the integrand.multiplied by M can again be simplified by an
integration by parts and utilization of the differential equation for the
mode-shape functions R and. R__ . The final result is

mn me

me2-

C_C cos(_ ~b_)

P o mn me mc¢ '‘mn - = -

Pb " oa Z Z 2(1+€ ) c"os(kmc-kmn) z X
oo m,n c<n m

[y fx +x 0% - G -% )? K
me mn me mn me ma
5 + —/™+>—|R R
0 2 K K K K mn mc
mn mc me mn
o, g Tmean - = = 2
1-2k M+k k M m - ,— 1-2k M+k k M
me me mn 1 dr dr mn mn mc
- 2 *K 2.2 - 2
2K mn Y K 2K
mo—— me me
o dRmn dn y dRmn dRmc (d_M_)2
me - - -~ — —
& K1 > gr dr + dré 2dr2 dr 2T dT (4-26)
mc Y K Yy K K
mn mn me

For the case of M = const we have fl R R rdr =0, and thus
p . 0 “mn me _ P
ZPb = 0 for this condition. However, for arbitrary M(r), Fb is not

equal to zero.
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2y dU
4,3.4 _Fvaluation off f < - putu' = > ds-dz.. -
2, s PolrYs dr

The integral on the right-hand side of Eqn. (4-14) will now be eval-

uated. Again, considering only cuton modes (for which _k.mn is. real),.

we have, using Eqns. (4-17),

{ 81>mn.ej‘(kzbc“"&zt‘nn)z kz Pbc
1 or be
<u'u' > = = ; Re
rz anx 5 C po(w_kz Uo) po(w_kz Uo)
mn be
anc dUo
_ dr- dr -2 (4-27)
po(w—k u,)
%

Applying Eqn. (4-18) and integrating over the duct cross section, we ob-

tain

2
< u'u' > |- dUo d - “ro Z Cmn mc (¢ clbmn) x
rz o dr 8 pa 2(1+¢ )
s 0“0 m,n C¥n m
‘-k- R ?Rmn dM dRon 9Rme (dM
dr’ b orar sin(k -k ) Z (4-28)

meme gr 4 dr  dr

A
0 l roY chKmn r Y3K I(2
o' mn mc

Note that the terms for which n = ¢ have disappeared in the time average.

Integrating over z and noting that the summations over n and ¢ have

the same upper bound, we can combine terms to obtain

2
o.>(_pduo dsf-—-dz= Tu-Q"Z'Z_Cmnmc (¢ ¢)
Uply o dr p.a 2(1 +¢ )
o o m,n c<n m
. s - Ron am _ dR_, aM
_ |72 1 mc mc T 4T mnomn v LT
cos(kmc-kmn)z _ x'/; —- dlz‘ dr + — dr dr
zl l(kmc-k )Y chKmn (k -k )Y Kmn me
dRmn dR . (m)z dR_. dR_. (gﬂ)z
ir dr dr - - _dr . dr ; dr - 2vdr (4-29)
(kmc-k )Y KmnKm (kmn-kmc)Y chKmn
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4.3.5 Substitution into the Integrated Form of the Time-Averaged

Physical Energy Equation

The .expressions evaluated in. the previous subsections will_now.be

substituted into. the integrated. form of the physical energy equation
(4-14). Noting that I: is independent of.. 2, Eqn. (4-14) reduces to

I ) a
= ulu' > ds =2 4z
b P o dr Upl, w

1
Using Eqns. (4-26) and (4-29), we obtain

2 z.
Tr. C_C _cos(d. -0_) 2
_ o mn “mc me ‘mn = T -
0 = P a 2 2 2(1+¢ ) c‘"s(kmc kmn) 2l X
oo myn c<n m zl
1 X _+K )2 - & -k )%\ k
f M me | mn mc mn sme o mlo o
0 2 K K K K mn mc
— mc- m mc m a4 weie e yiaematy Beessie ase seeteeiese eeen
— —_ - = 2 R d&?_ daM. —
k (1-2k M+k k M) mn - k
+ mc _ me mc mn dr dr mn
- - 2 2.2 —
(kmn - kmc) 21<mn Y ch (kmc mkmn)
) Ryn gy
(1-2k_m+k & wh) | Fee = ) __
- 5 IR _We grz dr 2rdr (4-30)
2K Y K
mc .

Now, in general, the terms in Eqn. (4-30) are not linearly dependent and
thus each term must vanish independently. Therefore, the integral in.
Eqn. (4-30) must vanish for any set of propagating modes R.mn and Rmc’
provided ¢ # n. Thus the source term < = Py u! u TT_ cancels with the
cross~mode flux lpg » and in so doing presents an orthogonality property
for the eigenfunctions Rmn and Rmc' Although the orthogonality rela-
tionship is by no means simple and involves the eigenvalues kmn and

kmc as well as derivatives of the eigenfunctions Rmn and Rmc’ it
could be of use in further developing the mathematical properties of the
eigenvalne equation (2-3).
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Thus the application-of the physical energy equation to the_case of
acoustic propagation inside a circular duct has shown that.a time-averaged
energy flux of the type presented.by Eversman, Ryshov and Shefter-and by

Guiraud, i.e., 3§ a<p'v >+ < Es > VA, can be extended to the case

of a_duct containing a sheared mean flow. _The total acoustic energy flow.. .. .

down the duct, Iz , 1s the sum of the integrated.-flux 31; for each
mode considered_separately. Furthermore, the source term in the physical
energy equation is zero .when each .mode is considered separately, and is
only nonze:o for cross-mode terms, in which case it cancels. with ,ﬂbg,
giving the physically satisfying result that the crogs-mode terms do not
enter into the energy flow expression.

4.4 Acoustic Energy Flow Expressions Based on the Conservation Equations

of Blockhintsev and Mdhring

In this section acoustic energy flow expressions- based on the work of
Blockhintsev and MShring will be derived for the case of an axisymmetric,
sheared mean flow in a circular pipe.

The Blockhintsev type energy flux is given by Eqn. (4-5). Specilal-
izing this expression to the case under consideration, the axial acoustic

energy flux can be written as

' 2
B - 1 2 12 <p'" 2 -
< Jsz > <p'u, > Q1+M°) + M(poao <u > + b A (4-31)

Integrating this energy flux across the duct cross section in the same

*
manner as in the previous section , we obtain

X 2 ) —_
f< JB > ds = ﬂro— 2 2 Cmncmc cos(¢mc-¢mn) 1 R kmcRmc
s p a 2(14-em) 0 mn K

s 2z 070 m,n ¢

mc
dR__ dM - 4dRmn ay dR__ an
_dF dr | ) e konfan a7 dr \[ ¥nctme | _dr dF
Y2K2 Kmn 2K2 ch YZKZ
mc : Y mn me
+MR R 2tdr cos(k__-k_ )z (4-32)
mn me mc mn

*
Details are given in Appendix AS.
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Again, the integrated power flow can.be separated into two parts, I:

and I:, where PaB is independent of z_and ?: has—a-cosine de-
pendence on 2z. The results are

2 -_—
mr - ol k
AR D D AR o L (4-33a)
00 m,n 0 mn Kmn
- 2
R am (BBon)” [am)?
R = = —) M
Y ey dr_dr ,tdr ' _dr 2rdr
n m ZKA AKQ
- Y n Y mn
and
me2 C . C cos@ 6 ) LV M+ & +E Yy
EB - 0 ZZ mn mc mc 'mn mn mc R R
b P a 2(1+¢€ ) K K mn’ me
00 m,n ¢<il m 0 me mn—

dM
—_— dR dr
T2 Czil' 2 Rmc fﬂ (1 +M2(K§1c -E:lc)) + Rmn EC (1 fMZ(K:m- k:m ))
YK K dr dr

dR_ dR (d_M)z .
dr dr ‘dr - - = -
+ 2 47 2 2rdr cos (kmc-kmn) 2 (4-33b)

Y KncKan

The equivalent energy flow expressions based on the work of Mshring
will now be derived. In his-1971 paper, Mohring presents an acoustic

energy flux, derived from his conservation principle, for the case of a...

two-dimensional duct containing a sheared mean flow. The acoustic energy
flow can be divided into two parts. The first part, T:: , 1is the sum

of the cnergy flows for each mode interacting only with itself. This "
part of the acoustic energy flow is independent of the axial coordinate,

z. The second part of the acoustic energy flow, Pg, contains the

cross-mode terms and has a cosine dependence on 2. When the results of

Mohring's analysis are rederived for the case of a circular duct, the

following cxpressions are obtained.

mn dM
2 —_— =2
nr
O

— 1‘ k m -
S D A B
a Poa mn J. I K mn 2.4
n,n Q mn K
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and .

2 — - 2
Mo LEN Z Z: Cmncmc mc-cpmn)f ‘ 2M+(kmn+kmc)(l-n) .
b Pode &4 &3 2(1+¢_) K_K mn-me

mec mn -
dr__ dR__
(Rm —me g _m
- dr dr "V ordr cos(® -K ) Z (4=34b)
2.2 .2 ‘ me.  mn
Y°K* K
mc mn

Compariag Eqns. (4~33a) and (4-34a), and- (4-33b) and (4-34b), it is
seen -that the terms.not. Involving derivatives of the mean flow profile are
the .same for the Blockhintsev and Méhring fluxes. Thus these expressions.
reduce to the same limit for a uniform flow. Furthermore, the coefficient
of the terms .linear in .dM/dr. in the Blockhintsev acoustic_energy flow
is proportional to ]é (l + Mz( 2
constant of Mohring Xs simply 1/y°. Thus these terms also-agree closely
for low-speed mean flow (M << 1). For sufficiently high reduced frequency,
Y, the terms linear in dM/dr are negligible. The Blockhintsev .energy
flow expressions also contain a term quadratic in the derivative of the
mean flow profile, with a coefficient proportional to Mlyé. Thus these
terms are also negligible for high values of Yy, and the Blockhintsev ex~
pressions reduce to the results of Mohring for sufficiently high frequency
and low mean shear.

The total acoustic energy flow defined by Mdohring, 1? ]Tb » Mmust
be conserved for. acoustic propagation inside a hard-walled duct. ]?a is
independent of z. However, ]P b "is.a sum of terms each of which has a
cosine dependence on 2. Thus, for the total energy flow to be constant
at all z, we require 11: = 0. For this to be true in general, the in-
tegral in-Eqn. (4-34b) must equal zero. This is an-orthogonality condi-
tion for the eigenfunctions Rmn and Rmc' Al though it is considerably
simpler than the orthogonality condition derived from the physical energy

equation, the expression still contains the eigenvalues and derivatives

of the elgenfunctions.

-k )) » Wwhereas the. proportionality

The total acoustic energy flow calculated from the Blockhintsev flux
expression is conserved in the pgeometric acoustics limit, i.e., for suf-

ficiently high frequency and low mean shear, and agrees with the Mohring
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energy flux in this limit. However, the extent to. which the Blockhint-
sev flux.reduces to the Mohring flux, i.e., the extent to which-the geo-
metric-acoustics limit is valid, also depends- on-the behavior of the
eigenfunctions. In order to quantitatively assess-the conditioms under
which the Blockhintsev energy flux is a conserved quantity, the values
of the.integrals containing

2
M2 aM M (dM
5 — and =, T
Yo dr Y. \dr

must be compared.to the values of the other.integrals in the Blockhintsev
flux. Since analytical solutions for- R.mn aré not-available for_general
M(r), this comparison must be done using numerical techniques.

Following the approach .used for the physical energy flux, the Mohring

and Blockhintsev energy flow expressions can be written as

® o s (3)
P.” = 55 2P By, (4-35a)

0 0 m,n

where the Mohring and Blockhintsev 2nergy weighting functions are given

by
— dRmn dM
M '1‘ v S|z g g o
EWF = — 4+ —— | R - ———— ) 2rdr (4-35b)
m,n 0 l K_ 2 mn. 2.4
mn K Y K
| mn mn
T dRmn dM
B WM K |.2 2(2 —=2\1 ™ 4r dr
EWE " K_ T2 RNL;[1+M (Kn‘m.-kmn):l 2.4
’ 0 mn K YK
mn_| mn
2
4 —dr fdr 27dT (4-35¢)
4 4
YK
n

In the next section, the Mohring and Blockhintsev energy weighting
functions are numerically evaluated to determine the frequency and flow-
rate range over which they give essentially the same results. This de-

fines the validity of the geometric acoustics limit.
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4.5 Numerical Results

This section presents numerical results .for the energy weighting
functions developed in the previous sections. The objectives of the
numerical study were (1) to gain.quantitative information on the flowrate
and frequency range over which.the Blockhintsev.and Mohring energy flow
expressions give essentially the same result, and .(11) to examine the.. ...
accuracy with which the energy flow can be approximated. by the use of a
uniform mean flow (slug flowf) assumption. The calculations are_cunsid-
erably simplified by this assumption, since the energy weighting functions
are given by analytical expressions for the slug flow case.. To.facili-
tate comparisons, the emnergy weighting functions for the (0,0), (1,0),
(2,0), and (0,1) modes were calculated. for the case of a one-seventh

power mean flow. profile. (M(?) = Mmax(l'?)l”) ,

representative of tur-
bulent pipe flow. The frequency range from mode cuton to Y = 20 and
mean flows with centerline Mach numbers up to 0.9 were covered in the

calculations.

4.5.1 Numerical Technigue

In order to evaluate the energy weighting functions, the radial mode
shape function, Rmn’ and the axial wavenumber, iﬁn’ must be determined.

The differential equation for the mode shape function, Eqn. (2-3), is

- 2 2—.
'dT_ _____:r_ 9% + (Yz; - = m_ 2) - EZ__}___ __r 5 R = 0
dr | (1 -kM) dr r(l - kM) (1-kM)

with the hard-wall boundary condition dR/dr = 0 at T =1. Eqn.-(2-3)

is an eigenvalue equation which,. for given values of Y, m and M(x),
has solutions only for particular values of k. The eigenvalue k ap-
pears in the parameter (1-EM) as well as in the standard position for
a Sturm Liouville type equation. The eigenvalues and eigenfunctions are
real for propagating modes, for the case of a hard-walled duct.

The differential equation was solved by an iterative technique. An

initial estimate for the eigenvalue, Eest’ was substituted into the

* -
The slug flow approximation is a constant Mach number profile (M(r) =
constant) which has the same flowrate, when integrated across the duct
cross-gsectional area, as that obtained for the 1/7th power mean flow profile.
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(1 -KkM) terms. We then have a Sturm Liouville type system. The equation
was finite-differenced in self-adjoint form (see Dahlquist and Bjorck,
1974), using an evenly spaced mesh and a second-order. accurate numerical
scheme. Normally, 512 mesh.points were used across the duct radius
(v = 0 to 1). The Choleski decomposition (see Hormbeck, 1975) was then
applied to the system, resulting in a matrix equation of the form
(é - EZ }) X = 0. The eigenvalue of this system nearest to Eist was....
then found, and the system-iterated to convergence. Normally only two
or three iterations were necessary for a reasonably good first estimate
of the eigenvalue.

Af-er the mode shape function R.mn and. axial wavenumber i@n were
determined, the energy weighting functions.derived from the physical
energy equation (4-24b) and the Mohring and Blockhintsev energy flow ex-
pressions (Eqns. (4-35b) and (4-35c)) were calculated. Each term in the
energy weighting function was integrated separately, to allow a comparison
of the relative importance of the different terms. A Romberg (see Hornbeck,
1975) integration scheme was used for evaluation of the integrals. Details
of the numerical analysis are given in Appendix Al0, where the computer

program, MODE, and a sample of the cutput are listed.

4.5.2 Comparison of Blockhintsev and Mohring Energy Weighting Functions

The results of the numerical calculation showed a remarkable agree-
ment between the values of the Blockhintsev and Mohring energy weighting
functions. Representative values of the differences between EWFB and
EWFM are given in Table 1. For the (0,0) mode, the differences were
always less than 0.03% for the full frequency and Mach number range cov-
ered. For the higher modes, the differences between the Mohring and
Blockhintsev energy weighting functions were greatest at values of Y
close to cutoff. The largest differences observed in all the cases for
which calculations were made was 5% for the (1,0) mode at Y = 2,

Mmax = 0.9, k10
this difforence was reduced to 1%. The largest difference observed for
the (2,0) mode was 3% at Y = 3.5, Mmax = 0.9, k20 = 0,155. 1In gen-~
eral, the (1,0) and (2,0) modes showed similar behavior for the dif-

ferences between the values of the Blockhinusev and Mohring enerxgy

= 0.096. For the same value of 7Yy with Mmax = 0,5,
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weighting functions. For both of these modes, at values of Y pgreater
than twice the zero mean flow cutoff frequency, the difference was less
than 1% for the Mmax = 0.9 case and less than 0.1% for the M= 0.5

case. For the highest values of Yy the differences approached those

found for the (0,0) mode.
The differences between the values of the Blockhintsev and Mohring
energy weighting functions were much less significant for the (0,1)

mode than for the other higher modes. The largest difference for all the

(0,1) mode calculations was.. 0.7% at Y = 4, Mmax.= 0.9, kOl = 0.0513.

The diffevrences between the two energy weighting functions were also cor-

respondingly smaller for larger values of Y.
The highexr modes displayed the type of behavior expected for the com-

parison between the Mohring and Blockhintsev energy weightirg functions,

i.e., good agreement at high frequencies and poorer agrecement closexr to

cutoff. The closer agreement near cutoff for the (0,1) mode than for

the (1,0) and (2,0) modes is due to the fact that ROl(;) changes

sign across the duct radius, while RlO and R20 do not. The dominant

term of the two additional terms in the BlockhintsevV energy weighting

function is the one containing

dR
g, = &
dr dr

for the higher modes with a one-seventh power mean flow profile. At
values of y mnear cutoff,

dR,
M? mn dM

dr dr

{s always positive across the duct radius, for these three modes. Thus

the contributions to this integral for ROl positive and Ry negative

nearly cancel, giving mach better agreement between the Mohring and Block-

hintsev energy welghting functions for the (0,1) mode than for the

(1,0) and (2,0) modes.

A more surprising result is that the (0,0) mode Blockhintsev and

Mohring energy weighting functions agree almost uniformly for low as well

as high frequency. This can be explained by noting that both additional

terms in the Blockhintsev energy weighting function involve
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These terms are insignificant for large values.of 7Y, as expected.
Examining these terms for lower values of Yy, we find that as Yy de-
creases,.. dROO/d? also decreases. Since mode shape changes due to mean
shear are mainly a. high frequency effect, Roo(r) approaches its uniform
mean flow shape (a constant) for low values of 7Y.. Thus these two ef-
fects cancel, and the additional terms in the Blockhintsev energy weight~
ing function are unimportant in the. (0,0) mode case for the full range

of parameters studied.

4.5.3 General Characteristics of the Mohring Energy Weighting Functions

and Comparison to Slug Flow Apprc.imations

The calculated values of the Mohring energy weighting function, for
the case of .a.1/7 power mean flow profile, are shown in Figs.-26a, b, c,
and d. The values obtained using the slug flow approximation ara also
shown. In order to compare the effect of different prefile shapes, the
energy weighting functions were also calculated for a laminar flow profile
(M(;) =M (l-;Q)), with Mhax chosen to produce the same flowrate as

max
that obtained for the M = 0,1 1/7th power profile case.

Although only the Mggfing energy weighting functions will be dis-
cussed in detail in this subsection, the physical energy weighting func-
tions display similar characteristics. The values of the Mohring and
physical energy weighting functions are compared in Subsection 4.5.4.
Detailed results are presented -in tabular form in Appendix All.

Referring to Fig. 26a it is seen that, at low values of Y, _the
(0,0) mode energy weighting functions are slightly higher than those
obtained with the slug flow approximation. This difference increases as
mean flow Mach number increases. The values of the (0,0) mode energy
weighting function fall off rapidly with increasing 7Yy, due to mean flow
refraction effects which decrease the acoustic pressure in the central
region of the pipe. These refractive effects increase with increase of
frequency, for a given mean flow profile. The energy weighting functions

fall off more rapidly, with increasing frequency, for higher mean flow

Mach numbers. The effect of the mean shear 1s quite substantial. Even
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in the Mmax = 0.1 case, the 1/7th power—profile reduces the energy
weighting function by approximately 50% at..y = 20. A comparison of the
laminar flow profile results to the 1/7th power profile, Mmax = 0.1,
case shows that the laminar fliow profile shape produces an -even greater
change from the uniform flow results than that produced by the 1/7th
power profile.
The Mohring energy weighting functions for the (1,0) and (2,0)
modes are shown in Figs. 23b.and -c.—The behavior of the energy weighting .
functions for the (1,0) and. (2,0) modes_is very similar to that for
the (0,0) mode. The agreement with the .uniform mean. flow assumption is
very good.at..values of 7Y near cutoff, but the actual. energy weighting
functions fall far below the uniform flow approximations as 7Y increases.
Again, the laminar flow profile shows a stronger effect than the equiva-
lent 1/7th power. profile. .
The calculated values of the Mohring energy weighting function for
the (0,1) mode agree well with the uniform flow approximations near cut-
off, but lie substantially above these curves for higher values-of Y,
in contrast to the behavior of the other three modes. The reason for this
is that the mode shape function R01 attains its highest values (approxi-
mately 2.5) in the central region of the pipe, where the mean flow Mach
- number is also the highest. The mode shape function ROl is affected
little by the mean shear, at high frequencies, compatred .to the other three
nodes, Thus, as Rbl incregses,mfor frequencies higher above cutoff, the
integral of (ROI/(l-EblM))z becomes much larger than the equivalent
integral for the slug flow approximation. The convected energy term,
i.e., the integral of MRgl/(l-§01M), also displays this same effect.

In order to check if refractive effects eventually reduced the ex-

»
-
E.
;
o ol
=
—
)
-

tremely high values obtained for the (0,1) mode energy weighting func=
tions, the calculations for the Mmax = 0.5 case were extended up to a
value of Y = 40 (see inset, Fig. 25d). It was found that the euergy
weighting function reached a peak at around vy = 20, and decreased for
higher Y. For the laminar flow case, the (0,1) mode energy weighting
function reached a maximum at approximately vy = 15. The laminar flow
profile in general produces stronger refractive effects than the one-

seventh power profile.
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4.5.4 Comparison of the Mohring and Physical Energy Weighting Functions

Representative values of the Mohring and physical energy weighting
functions are compared in Table 2. In all cases shown, the Mohring energy
weighting function is larger-than the physical energy weighting function..
The differences are greater for higher Mach numbers, and for a given .Mach
number the differences are smallest for the higher modes near cutoff.

For the higher modes, as- Y increases, the differences (on a per-cent
basis) approach those found for the (0,0) mode.

The behavior described above can be explained by noting that the dom-
inznt terms in the Mohring energy weighting function are the same as those
in the physical energy weighting function, but multiplied by 1/(1 - kM),
The axial wavenumber, E; was positive for all cases shown in.Table 2.
Thus the factor 1/(1-kM) is always greater than 1, and is larger for
higher values of the Mach number. In the higher mode cases shcwn.in
Table 2, k 1is small for values of Y near cutoff and increases with
increasing Y, approaching the values of k found for the (0,0) mode
at high Y. Thus the behavior of the factor 1/(1-EM) explains--why,
for the higher modes, the differences between the MShring and physical
energy weighting functions are small for values of Y near cutoff, and
on a per-cent basis approach those found for the (0,0) mode at high Y.

The large differences between the physical and Mohring energy weight-
ing functions raise the question of which flux expression is the approp-
riate definition of acoustic energy flow. The utility of a particular
definition .depends on the application in mind. For example, suppose we
are interested—in the total acoustic energy propagating out of a duct
inlet, as shown in Fig. 25. If the mean-velocity is negligible at dis-
tances far from the duct inlet, the Blockhintsev flux reduces to the actual
acoustic energy < p'v' > crossing surface 8, Then, at least in the
high frequency limit, a measurement of the Mohring/Blockhintsev energy flux
crossing surface §; inside the duct can be substituted ifor the measure-
ment at SZ‘ If the physical energy flux definition were used in this
case, the source term in the physical energy equation would have to be
evaluated over the region which lies between S1 and Sz, and a simple
measurement across S1 would not suffice to determine the acoustic energy

crossing surface SZ. Thus the Blockhintsev approach is clearly more
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useful in this case. However, although the Blockhintsev flux is more
useful in the above example, we believe that the physically appropriate
time-averaged acoustic energy crossing surface Sl is not the Mohring/
Blockhintsev flux, but rather the physical energy flux.. If this view-
point is accepted, the conclusion must be drawn that acoustic energy is.
not conserved in a general nonuniformly moving medium. Since even the
Blockhintsev flux is not conserved except for the high frequency limit
(geometric acoustics), this viewpoint seems appropriate. The analysis of
Section 4.5 then leads to the conclusion that not only is the Mohring
£lux conserved for acoustic propagation in a constant area duct containing
a parallel sheared mean flow, but the physical energy flux is also con-

served. This is discussed in detail in Subsection 4.3.2.

4.5.5 Importance of the Terms Containing dM/dr in the Mohring and

Physical Energy Weighting Functions

The Mohring, Blockhintsev and physical energy weighting functions
(Eqns. (4-35b, -35c, and -24b)) would be simplified substantially if the
terms involving derivatives of the mean flow were neglected. This sec—
tion examines the accuracy of such an assumption.

The percentage contributions of the terms containing dM/dr to the
physical and Mohring energy weighting functions are shown in Table 3.

For the (0,0) mode, these terms never contribute more than 2% to-the
Mohring energy weighting function and 3% to the physical energy weight-
ing function, even for Mach numbers up to 0.9. In the Mmax = 0.5 case,
the shear terms never contributed more than 1% to the (0,0) mode energy
weighting functions. The contributions of the mean shear were approximately
ten times as large for the laminar flow profile case as for the equivalent
flowrate 1/7th power profile case.

For the higher modes, the coutributions of the terms involving dM/d?
were most important near cutoff. The importance of these terms gradually
decreased with increasing frequency, approaching the percentage level con-
tributions found for the (0,0) mode at high frequencies. In all the
cases for which calculations were made, the highest percentage contribu~-
tions were for the (1,0) mode at Y * 2, M = 0.9. The terms involv-

max
fag dM/dr contributed 10% to the Mohring energy weighting function and
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14% to the physical energy weighting function in this case. The contribu-
tlons to the (0,1) mode were much smaller than.to the (1,0) and (2,0)
modes, which is explained by the fact the R01 changes sign across the
duct radius, while RlO and RZO do not. Thus the dM/dr term cancels
to a certain extent when the (0,1) mode integral is evaluated. This
does not happen for the (1,0) and (2,0) modes.

Compared to the large effect that the introduction of mean shear has
on the energy weighting functions, as displayed in Fig. 26, the contribu-
tions of the terms which contain dM/dr explicitly are relatively small.
The addition of mean shear changes the value of the energy weighting func-
tions principally through changes in the mode shape function. Thus the
physical energy weighting function and the Mohring and Blockhintsev energy

weighting functions can be aéproximated by

P 1 kmn 2 -
EWF = f M+ ———|R 2rdr (4-36a)
m,n 0 (1-k_M
mn
1 %,
and EWFT = EWE> _ = M + mn R®  27dr
m,n m,n 2 mn

o la-%x. M Q-kx M
m mn (4-36b)

with little error, except very near the mode cutoff frequency.

4.5.6 Orthogonality of the Mode Shape Function

In order to numerically check the orthogonality expressions derived
from the physical energy equation and Mohring's conservation equation
(the integrals in Eqns. (4-30) and (4-35b)), these integrals were evalua-
ted numerically*for two typical cases. In addition, the Blockhintsev
cross-mode energy weighting function (i.e., the integral in Eqm. (4-33b))
was also evaluated. This cross-mode energy weighting function should ap-
proach zero in the geometric acoustics limit.

The first case considered was that of the (0,0) and (0,1) modes,
for a laminar flow profile with Mmax = 0.3 and Y = 5. The calculated
values of the integrals in the physical energy equation and Mohring ortho~-
gonality relationships were less than 4 X 10-6, which is smaller than
the uncertainty associated with the numerical integration. The Blockhint-
sev cross-mode flux was only slightly larger than the integrated value of

the Mohring orthogonality relationship.

*
Details are given in Appendix A1lO.
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The same functions were also evaluated for a one-seventh power pro-
file with Mmax = 0.5 and T = 5. The values of the orthogonality rela-
tionships were again within the uncertainty of the numerical integration.
The Blockhintsev cross-mode energy weighting function.was also negligible
in this case.

Thus the numerical results verified the orthogonality properties de-
rived earlier in this chapter, and also showed that the Blockhintsev

cross-mode flux was approximately zero for these typical cases.

4,6 Summary

Two types of acoustic energy flow relationships have been examined
for the case of acoustic propagation inside a.circular duct containing a
sheared mean flow. The first type of acoustic energy flow expression is
derived from the ihermodynamic <nergy equation, while the second type 1s
derived from conservation equations presented by Blockhintsev and Mohring.

In the case of a nonuniformly moving medium, the acoustic. energy
equation derived from the thermodynamic energy equation in general con-
tains source terms. For this reason, applications of the acoustic energy
flow derived from the thermodynamic energy equation to propagation inside
ducts have been criticized as being applicable only to flows with. very
small shear. In the present research, this type of energy flow expression
has been found to be generally applicable to acoustic propagation inside
a constant area duct—containing a nonuniform mean flow, with no restriction
to the case of small shear. The source term in the acoustic energy equa-

tion combines with the cross-mode £lux term to present an orthogenality

relationship for the radial- mode shape functions Rmn and Rmc' The
acoustic energy flow developed from the thermodynamic energy equation is
called the physical energy flow, because of its interpretation as the sum V
of the flow work of the acoustic wave and the acoustic energy density con-
vected by the mean flow, i.e., < p';' > 4+ < Es > Vo'

The energy flow expressions derived from the work of Blockhintsev and
Mohring satisfy conservation equations, 1i.e., energy equatlons with no
source terms, but these energy flow expressions are not necessarily the
thermodynamic energy associated with the acoustic wave. The energy flux

defined by Blockhintsev is a conserved quantity only in the geometric
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acoustics limit, where the wavelength 1s short compared to the distance

over which substantial changes in the mean.flow_occur. Mohring's energy

flow is a conserved quantity for the case of a constant area duct contain-
ing a parallel shear flow, and reduces to the Blockhintsev result. for
sufficiently high frequency. Since the Mohring energy flux is not defined
in general outside of the duct, the usefulness of his result is.somewhat
limited. However, a comparison of the Mohring and Blockhintsev.energy

flow expressions..inside the duct not only allows one to assess the validity
of the geometric acoustics limit in this particular case, but also relates
the Mohring flux to an.acoustic energy flux defined outside the. duct.

The Mohring and Blockhintsev acoustic energy flow expressions were
compared for the case of a circular duct containing a one-seventh power
mean flow profile, with Mach numbers up to 0.9. The .agreement between.
the two acoustic energy flows for the (0,0) mode was extremely good -over
the whole frequency and flowrate range, although.the Blockhintsev analysis.
is essentially a high frequency limit. The surprisingly good agreement at
low frequencies is due to the fact that the (0,0) mode shape function
is affected very little by mean shear at low frequenciles.

The agreement bweteen the Mohring and Blockhintsev energy flows for
the higher modes was poorest at frequencies very close to cutoff. However,
the largest difference observed between the Mohring and Blockhintsev—
energy flows was only.5%, for the (1,0) mode at Y equal to 2, with a
centerline Mach number of 0.9. . At higher frequencies—the differences be-
tween the Rlockhintsev a.d Mohring energy flows approached those found
for the (0,0) mode. Thus, for energy flow calculations, the geometric h
acoustics limit appears to be valid for duct propagation over a very wide
range of frequencies, even for cases with very highly sheared mean flow.

The energy weighting functions for the one-seventh power mean flow
profile were compared to approximate values obtained assuming a uniform
flow profile with the same overall flowrate. The agreement was very good
for the (0,0) mode at low frequencies and for the higher modes very
close to cutoff. However, for higher frequencies the agreement was much
worse. The (0,0), (1,0) and (2,0) mode acoustic energy flows (normal-
ized by the wall acoustic pressure) were much lower than the uniform flow

approximations, due to mean flow refractive effects, which increased with
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frequency. However, for the (0,1) mode, the actual acoustic energy

flow became much larger than the uniform flow approximation,
quency increased beyond cutoff.

effects began to dominate,

as the fre-
At very high frequencies, refractive
lowering the normalized acoustic energy flow.
The exact acoustic energy flow expressions are -fairly complicated

for the case of acoustic propagation inside a pipe containing a sheared

mean flow. However, it was found that under.a wide range of conditions

these expressions can be simplified considerably, with the ap

pProximation. .
causing little loss in accuracy,
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

«» Two new experimental techniques have been developed for.separating
acoustic waves propagating inside circular ducts into the acoustic duct
modes. The instantaneous technique. uses four wall-mounted microphones
to separate the first. three._acoustic duct modes, the (0,0) , (1,0) ,
and (2,0) modes, below the frequency at.which the fourth mode starts
propagating. The time averaged technique uses only three microphones
to separate the first three acoustic duct modes, but requires- the
additional assumption that the modes be uncorrelated. Comparison of
the results of the two techniques shows that this is in fact the case,
for the type of nouise source examined in this study. Both techniques

can in principle be extended to measure a greater number of modes.

«+» Downstream modal pressure spectra (200-6000 Hz frequency range)
were measured for noise generated.by flow through coaxial restrictions
in a 97 mm pipe. Four orifices (12.7, 19.0, .31.8, and 50.8 mm
diameters) and three nozzles (a 3.18 mm diameter nozzle and 16.2 mm
diameter nozzles with throat length-to-diameter ratios of 1 and.8) were
tested, at exit jet Mach numbers ranging from 0.15 to slightly super-
critical flow.

The shave of the frequency spectrum was found to be scaled by the
frequency ratio, fr = }%E = ;%% . fr is the ratio of two non-
dimensional frequencies: (i) Y,.the nondimensional frequency govern-
ing acoustic propagation inside ducts, and (ii) St , the Strouhal
number, which scales the jet noise spectrum shape. The experimental
results showed that the higher modes dominate the pressure spectrum
ahove their cutoff frequencies for low values of fr (<3) , while all
modes are of approximately equal streng:h for higher values of fr .
This result is related to the behavior of the large-scale flow struc-

tures in the region of the jet near the nozzle exit.
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e+ The measured modal pressure spectra were converted to acoustic-
power spectra and integrated .to determine overall downstream acoustic
power. The acoustic efficiency levels (sound power normalized by jet
kinetic energy flow) were plotted vs. Mi , the indicated Mach number
of the jet that issues.from the orifice or nozzle. The acoustic..
efficiencies were of the same order of magnitude as for the free jet
case.

The acoustic efficiency levels for the 19.0 mm orifice and 16.2 mm
nozzles agreed closely, indicating very similar noise generation char-
acteristics for nozzles and orifices when the comparison is made using
orifice vena contracta and nozzle exit plane conditions.

The acoustic efficiency increased with the ratio of orifice to
pipe diameter, %) , for constant M1 . When.the efficiency levels
were divided by the area ratio, %- , the data for the 12.7 and
15.0 mm orifices collapsed onto a single curve,

Ty " 34T x 107 43¢ . The da.  the 31.8 and 50.8 mm orifices
fell somewhat below that for the smaller orifices on this plot. This
is believed to be caused by the increased effect of the confining pipe-
wall on the hydrodynamic behavior of the jet, for larger % . The
3.18-mm nozzle data, when efficiency was divided by % 2 , also fell
somewhat below that for the 12.7 and 19.0 mm orifices. This is

believed. to have been caused by the neglect of the acoustic energy above
6000 Hz.

+e---An approximate acoustic power measurement, which used one wall-
mounted microphone and assumed that the total signal measured by the
microphone was that of a plane wave, was compared to the exact acoustic
power measurement. The one-microphone technique typically produced a

sound power level approximately 1.5 dB above the exact value.

s+ Acoustic energy flow expressions were developed for the case of a
circular, constant-area, hard-walled duct containing a parallel sheared
mean flow. Three different formulations were examined: (1) energy flow

expressions derived from the thermodynamic energy equation, (11) energy

78




|
|
;

flow expressions_derived from the conservation equation of .Blockhintsev,
i.e., the geometric acoustics limit, and (iii) energy flow expressions
derived from the conservation principle of Mohring.

The acoustic energy flux derived from the thermodynamic energy
equation consists of two terms. The first term is the flow work
(<p'V'>) of the acoustic wave and the second is the convection of.
the_acoustic energy density by the mean flow.. This flux is conserved
for the case of a hard-walled duct containing a parallel sheared mean
flow, but is not conserved in a general nonuniformly moving medium..

The energy flux expressions derived from the results of
Blockhintsev and Mohring agree for high frequencies and low mean shear,
i.e., in the geometric acoustics limit. The Mohring f£lux is. a conserved
quantity for all frequency and flowrate conditioms, while the
Blockhintsev flux is conserved only in the geometric acoustics limit....
Thus a comparision of the values of these two energy flux expressions
defines the validity of the geometric acoustics.limit.

The values of the (0,0) , (1,0) , (2,0) and (0,1) mode
Blockhintsev and Mohring energy flux expressions were compared for a
1/7th power mean flow profile with centerline Mach numbers up to 0.9.
For the (0,0) mode, the difference between these two energy flow
expressions was uniformly small for low and high frequency. For the
higher modes, the differences were greatest at the frequencies near cut-
off and approached those seen for the (0,0) mode at higher frequen-
cies. The general validity of the geometric acoustics linit was
remarkable.

The values of the energy flux expressions calculated for sheared
mean flow profiles were compared to approximate values obtained by
assuming a slug flow profile with the same overall flowrate. The
agreement was very poor, except for the (0,0) mode at low frequencies
and the higher modes very close to their cutoff frequencies.

The acoustic energy flow analysis based on the thermodynamic energy
eﬁuation and on the results of Mohring both resulted in orthogonality
properties for the eigenfunctions of the radial mode shape equation.
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These could be of use in further developing the mathematical properties

of this eigenvalue equation.

5.2 Recommendations

«¢ The approximate scaling law suggested in the present investigation,

(d?D)z = f(Mi) is a potentially very aseful result. In order to
further substantiate this_result, experiments with a greater number of
restriction sizes should be made. Increasing the frequency range over
which the measurements are made would. also improve the_confidence in
this result. The mode separation techniques could be extended to
separate a greater number of modes, thus allowing measurements over a

wider frequency range.

++ The present research considered only circular shaped restrictions
mounted concentrically in the pipe. For these types of restrictions
the higher mode nodal diameters varied randomly. As an extension of the
present research the behavior of noncircular vestrictions could be
examined. In particular, two issues are of interest: (1) do the higher
mode nodal diameters have a preferred direction for noncircular restric-
tions, and (ii) can .the acoustic power output of noncircular restrictions

be correlated in the same manner as the results for circular obstructions?

<+ The experimental results of the present investigation show that in. ...
most cases the (0,1) mode dies off rapidly above its cutoff frequency,
in contrast to the behavior of cthe (1,0) , (2,0) and (3,0) modes.
1t would be {nteresting to see if the behavior of the (1,1) and (2,1)
modes is similar to that of the (0,1) mode. The (1,1) and (2,1)

modes could be examined by simply measuring the spectrad with the_instan-

taneous mode separation technique over a wider _frequency range. The
(1,1) mode would combine with the (1,0) mode and the (2,1) mode
would combine with the (2,0) mode. 1f the (1,1) and (2,1) modes
also die off rapidly above their cutoff frequencies, this may indicate
that the modes with the nodal circles (L.e., (m,n) modes with n > 0)

are less important than the (m,0) modes.
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s¢ The extent to which the higher acoustic duct wwdes contribute to
the noise transmitted through the pipewall is influenced strongly by

the flexibility of the pipe to these particular modes. The present
research indicates that the higher modes may make a significant contri-
bution to the noise transmitted through the pipewall. Further research
on the pipewall vibration caused by the higher acoustic duct modes.and .. .
the far field noise resulting from such pipewall vibration might

clarify this issue..

e+ The Mohring and Blockhintsev acoustic energy flow expressions give
essentially the same results for the case of a hard-walled duct contain-
ing a parallel shear flow. However, in many practical applications the
duct walls are acoustically treated. Thus a similar comparision for the

case of a duct with acoustically treated walls would be useful.
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Table 1

Accuracy of Geometric Acoustics Limit
for 1/7th Power Mean Flow Profile.
Tabulated Values are (EWFB - EWFM)/EWFM

in Per Cent

(0,0) Mode (1,0) Mode
i T

Y iumax = 0.5 Mmax = 0.9 Y Mmax = 0.5 hax = 0.9
0.5 0.002 . 0.018 2 1.23 5.05

6 0.002 ; 0.022 4 0.092 0.70
10 0.002 0.026 19 0.006 0.06
20 0.002 0.029 20 0.003 0.03

.- (2,0) Mode (0,1) Mode

Y iMﬁax = 0.5 Mmax = 0.9 Y Mmax = 0.5 ax = 0.9
3.5 0.63 2.95 4 0.18 0.68

6 0.087 0.68 6 0.040 0.25
10 0.014 0.15 10 0.009 0.07
20 0.004 0.04 20 0.002 0.017
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Table 2

A Comparison of the Mahring and Physical Energy Weighting Functions

for 1/7th Power Mean Flow Profiles

RETLLSEDNING BNLN

AN

N

(0,0) Mode
, = 0.1 M= 0.5 M= 0.9
EWF EWFY EWF EWE® EWF EWF®
0.5 1.168 1.080 1.995 1.413 3,086 1.765
6 1.061 .9825 1.525 1.088 2.244 1.305
10 .9113 .8447 1.075 .7787 1.501 .8955
20 * 5732 .5340 .5544 4117 .7333 4566
(1,0) Mode
M =0.1 M = 0.5 M =0.9
_Y max max max
EWEE EWFY EWF EWFE EWF . FWEF®
.2945 .2902 4462 4347 .6657 .6503
4 .6985 .6556 1.035 .7978 1.422 .9705
10 .7042 .6556 .9259 .6813 1.292 .7921
20 .5315 .4957 .5467 .4066 .7237 4519
(2,0) Mode
M =0.1 M =0.5 M = 0.9
y max max max L
EWF EWFY EWF EWFY EWF EWE®
3.5 .2985 . 2908 4126 .3843 .5732 .5289
6 .5399 .5088 .7659 .6018 1.024 .7210
10 .5733 .5362 .7805 .5863 1.070 .6841
20 .4830 .4513 .5278 .3943 .6988 4397
(0,1) Mode
= 0.1 M =0.5 M =0.9
Y max max max
B EWE EWF® EWE EWFY EWE EWF®
4 . 3089 . 3042 .5450 .5300 .8711 .8480
6 .8742 .8224 1.257 1.001 1.626 1.190
10 1.163 1.077 2.046 1.481 2.749 1.679
20 1.832 1.684 3.760 2.618 4.841 2.741
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Tabl

e 3

Percentage Contributirns of the Terms Containing (dM/d?)
to the Total Values of EWFP and EWFM

(0,0) Mode
1/7 Power Profile | 1/7 Power Profile 1/7 Power Profile | Lam. Flow Profile
M = 0.9 Mpax = 0.5 M = 0,1 M = 0.163
| max max . max
Y I'Mohring | Physical | Mohring | Physical | Mohring | Physical | Mohring Physical
Flux Flux Flux Flux Flux Flux Flux Flux
0.5 1.80 2.42 0.61 C.85 0.03 0.04 0.44 0.65
6 1.97 2.65 0.66 0.92 0.03 0.04 0.43 0.62
10 2.13 2.85 0.71 0.98 0.03 0.04 0.36 0.53
20 2.09 2.79 0.70 0.97 0.03 0.05 0.20 0.29
(1.0) Mode
2 9.78 13.64 7.84 11.08 2.01 2.96 9.39 13.28
4 5.50 7.12 2.36 3.22 0.27 0.39 1.47 2.11
10 2.58 3.40 0.90 1.24 0.06 0.09 0.42 0.60
20 2.11 2.81 0.71 0.99 0.04 0.05 0.20 0.29
(2,0) Mode
3.5 7.14 9.98 5.09 7.22 1.07 1.57 4.64 6.68
6 4,64 6.12 2.05 2.82 0.24 0.35 1.15 1.65
10 3.00 3.95 1.12 1.54 0.10 0.14 0.50 0.7
20 2.16 2.88 0.74 1.03 0.04 0.06 0.21 0.30
(0,1) Mode
4 1.81 2.72 1.59 2.40 0.53 0.80 -0.16 -0.09
6 0.88 1.63 0.52 0.89 0.10 0.15 -0.22 -0.22
10 0.15 0.51 0.11 0.24 0.03 0.04 -0.17 -0.22
20 0.02 0.13 0.01 0.04 0.003 0.005 | -0.04 -0.05
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Fig.

3.

Duct geometry and coordinate system.
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Flg. 4a. line diagram of {nstrumentation ror the instantancous
mode separation technique.,
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mode separat fon technique,
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Fig. 5. Modal pressure spectra measured with the instan-
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Fig. 6.
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Modal pressure spectra measured with the time-averaged
mode separation technique using 64 ensembles (1ight
line). Output of the instantaneous technique (heavy
line) shown for comparison.
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Photograph of experimental apparatus.

Fig. 8.
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Fig. 10.
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Fig. 9. Photograph of microphone assembly.

Photograph showing microphones mounted in the pipe.
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Fig. 11l. Typical modal pressure spectra for a low value of the frequency
ratio, £, = 1.19. (4/D) = 0.327, My = 0.397, fs = 850 Hz.
—&4— (0,0) mode, = (1,0) mode, —#— (2,0) mode.
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Fig. 12. Typical modal pressure spectra for a high va
ratio, fp = 7.42. (d/D) = 0.131, My = 1.0

§ 6 BHL

jue of the frequency
8, = 5290 Hz.

f
—¢— (0,0) mode , == (1,0) mode, —&— (§E0) mode.
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Fig. 13. A comparison of two sets of modal pressure spectra with closely
matching frequency ratio. Light line: (d/D) = 0.327, M, 6 =
0.149, fr = 0.453,  fo, = 325 Hz. Heavy line: (d/D) = 0.523,
28,

M, = 0.225, f = 0.4 fg, = 305 He,
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Fig. 14.
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A comparizon of two sets of modal pressure spectra with closely
matching frequency ratio. Light line: (d/D) = 0.196, My =
0.755, f,. = 3,65, fs¢ = 2610 Hz. Heavy line: (d/D) = 0.131,
Mi = 0.499, f, » 3,72, fSt: = 2660 Hz.
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Fig. 15.
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Typical modal pressure spectra for the 3.18 mm diameter nozzle.

(d/D) = 0.033, M.

—&— (0,0) mode,

= 0,75, f_ = 21.8.
(1,0) mode,~—®—— (2,0) mode.
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Fig. 16. Modal power spectra calculated using the modal pressure spectra
shown in Fig. 11, ——— (0,0) mode,=———— (1,0) mode,
(2,0) mode, ——tfp—— (3,0) mode.
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Fig. 17. Overall noise generation efficiency plotted as a function
of jet indicated Mech number.
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Modal pressure spectra 1llustrating the relative levels of acoustic

and hydrodynamic pressure fluctuations at the measurement station.
—@— (0,0) mode, wm———e= (1,0) mode, g (2,9) mode.
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Fig. 20. Modal pressure spectra measured 2.2 meters downstream of the
restriction. Note dip in the (1,0) mode at 2500 Hz and in the

(2,0) mode at 5000 Hz.
—Q—— (0,0) mode, =———— (1,0) mode, —@— (2,0) mode.
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(0,0) Mode (1,0) Mode (2,0) Mode

—

Fig. 21. Cross-sectional pressure patterns for the first three acoustic

duct modes. Dashed lines indicate type of pipe wall vibration
caused by each mode.
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Fig. 22. Modal pressure spectra measured 2.36 meters downstream of the
restriction with stiffened pipe configuration. Experimental
conditions (Mi and (d/D)) are identical) to those for Fig. 20.
—&— (0,0) mode, == (1,0) mode, —f— (2,0) mode.
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Fig. 23a. Modal pressure spectra measured upstream of the outlet plenum
(2.2 meters downstream of the restriction). Experimental con-
ditions ((d/D) and M;) are identical to those for Fig. 23b.
—@©— (0,0) mode, === — (1,0) mode, ~—— (2,0) mode.
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Fig. 23b. Modal pressure spectra measured in the downstream no-flow zone.,
Experimental conditions ((d/D) and M; are identical to those
for Fig. 23a,—0O—(0,0) mode, = == = (1,0) mode,

——{}— (2,0) mode.
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Fig. 26c. (2,0) mode energy weighting functions for sheared mean flow
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Appendix Al

COMPUTER PROGRAMS FOR THE MODE SEPARATION TECHNIQUES

The programs iu this appendix are Fortran.programs written for use

with the Hewlett-Packard HP-2100A computer.

Al.l. Program PIPE

The computer program PIPE performs.an on-line spectral analysis of.
an analogue input signal uvsing digital spectral analysis techniques.
The program is usually run from a remote teletype terminal located near
the experimental apparatus. The plotted spectrum is displayed on the
oscilloscope plotter. Results are printed on the line printer and stored
on digital magnetic. tape.

The program operates in an interactive fashion, with the computer
stopping and asking for input and. control variables at various points in
the execution. The definitions of the input variables are included in

the program listing on the following page.
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FIN,L

nNnoOooOnNCcOOCO0n

Al.l. Listing of PIPE

PRUGKAM PIPE
2/3/11
Ee RENSCHEN

THIS PRULRAM USES THE METHUU OF AVERAGEL PERIULUGKAMS TU ODETEKRMING THE
Punek SPECTRUM UF A MICKUPKONE SIGNAL,.  THE SPECINUM IS O)JSPLAYED UN THE
USCILLUSCUPE PLOTIER, PARAMETEKRS FINAL RESULTS ANE STURED. UN MAG TAFE,

INPUT 183 MICRUPHONE SIGNAL INTU A/D CHANNEL 16
UK:  MAG TAPE PRUDUCED BY?: FKUGKAM UNQYS. (7/2/76)

NUIES  PrUGHAM PAKAMETERS ASSUME LINPUT MILKUPHUNE SIGNAL I8
AMPLLTUDE SCALEL ©Y AMPLIFLIER SECTIUN UF BaK aulo,

TTY CUMMUNICATIUN IS PROMPIED AT STATEMENTS. # 5, 6, 10, 12, 1T 113, 729,

GUTPUT 181 SPECTNUM ON USCILLOSLUPE PLUTTER
DUCUMENTATIUN. UN- LInE PRINTEN
PARAMETER ANV KESULTS SIuxAGe UN MAG TAPE

CuMMUN 19!1(1300)}IEF(ao961.um1ut(ao9o).Amlnetxuea).ALPLl4256)¢
Fhuigae)

UIMENSIUN 1uAl£(00).LA(«O).LIN:(:OJ.a(aoad).APIS(aOOOJ.lenﬁtaoaai
LimenSIun tCUEF(1020).lrﬁF(125);LA&£L(10)»Ll?(asb)oYDutabbJ
VIMENSIUN LTIMES(S), LTIMEF (5)

BlL CALENCE (1&?(1)'lcutf(1).w(1).1Pts(xJ),(NMX«E(:).CMIKE(I))
EWuLvALENCE (15#(4000).141&1)).\Lur(suooJ.vuutl))

EWUlVALENCE (ALPthl).xlur(x)).(IA(SUJnLAututx))

LEIERMLINE UATA ACUULSITIUN MUUE & Skl PARAMEICHS-FUH TMIS RN
LAY 5 FLAG FUR DATA ACGUISITIUN MUbE

LEiLE 3 'PIFE TAPRY FILE ® FUR STUKAGE UF KESULTS

UATE & CUMMENTY ARE FURK QUCUMENTAT LUN

NMUUE & NAULAL MULLE NUMBER

MMUUE & CINCUMFENENTIAL MUDE NUMBER )

GALN = Ub LEVEL UF BEK 2y30 "METEN 2ERU®

NENSH 3 NUMBEN UF PERIUUOGRAM AVENAGES TU BE MAUE

4 nrllE (1,9)
93 FURMAL ("LnPul 'FLUNYS TAPR! FILE #,")

C NUTES 'o' IN HREVIUUS FUKMAT..STAIEMENT 18 11Y "BELL" SYMmBOL

READ (1,») LFILE
tF (IFILELLE.V) GU 10 &
aniit (1,6) .
© FURMAT(®IYPE V1Y FUk DATA TU bt ACUULINED REAL TIME BY ALY SYSTEM"/
1r"eee '=1' FUK DATA TU BE KEAD FMUM MAG $APL,.")
KEAU (1,0} luaAy
1F (10Auw.LI,v) GU YU 15
itk (1,1u)
10 FUNMAT(/"INPUTS UATE & A LINE UF CUMMENTY FUR TH]S KRUN"/
ePbobet 2787717y ‘ _
R 374 IN, NOZLLE, VELPLFM & 30 IN. H2U, 60 1IN, DUNNSTNEAM, ")
NEAL (1,11) LUATE, 1A
11 FURMAT (GuAg,/,4uA2)
Whlle (i,12)
1¢ FURMATL//"INPUTS MMUDE, NMODE, GALN, NENSH,.")
REAL (1,+) MMUVE , NMUDE, GALN, NENSD
U U 20
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oO0nNCPOOOOPOND

O0OO0ON60O

OOOOOO0

coOn

19 KEAU (b,11) LUATE,IA
REAU (b6y20) MMUUE,NMUDE,GAIN
16 PUKMAT(SE20,10)
nkile (1,37 IUAlEoIA.MMUUt.NMUDEpGAIN
1/ PurmAl CEiduA /), ("Ll y"y", 11,") MUUE'I530'G‘1N3'0F50‘D' bs*y
L/7"1YPE IN 'YENSBY.")
KEAU (1,n) NENSB.. .
ev CunTIhue

INLITIALIZE ENSEMBLE CUUNTER "NE® & SETI PARAMETERS

BAU = BANURLDIA FUKR USE IN SHECTRA PLUT (MZ)

LSRE_=_PEKIUU UF DIGITAL SAMPLING KATE (MICRU=SEC,)
LSKRP =2 S0 =» 20 KM2

NBINS = NUMBER UF POINTS PER. DATA ST .

APEK 3 HADIC SAMPLE LENGTH (8EC,)

EXEYW = SPECIKAL RtSULUTIUN.(HtlHARMUNICJ

NOP & WUmMBER UF PUINTS OBTAINEV BY A/Q . SYSTEM

NEFC & A/U0 CHANNEL 16

"LABEL" AUUS VOCUMENTATIUN TQ ®IA®

Ne = ¢

Rl 3 JU.xx1,5

1orpP = 4y

Nolnd 2 2uds .

APER 3 PLUAT(NBINS)R]L E=o#FLUAT(1SRP)
FReWw & 1,/APER

FMAX = FREWKFLUAT(NBINS/2)

NOP S- 2aNBINS

NFC 3 16 ¢ 2yul

NAMIING DATA nINDUW WILL BE USED TU TAPER MICHROPHUNE SAMPLES,
TRE FULLUWING STATEMENTS CUMPUTE THe NEIGHTING CUEFFICIENTS
1PUN = wiNUUM PUNER CUKRECTIUN FACTUR

PL 3 $,141%926%

NCURF = NolNnS/ze

IPUn = U,

VU 90 Is1,NCULF .

FTCOLFLE) 2 Q.54 = VodbrLOS(PINELUAT(S=1)/01023,0
50 1FUW & IPUN ¢ TCUBF(I)neQ

1PUN 2 2,#)PUN

TAU CURKECTAUN FACTUKS ARE NEEDED TU CALCULATE SPECTIRA FHOM
DAYA SamPLES,

SNUKRM RUNMALLIZES FFT QUTPUT,

ChC! CUMFENSAIES FUR FACTUKS INTKUDULCED BY THE MOLE SEPARATION
feCHrjuue,

SNURM 2 1,/ (TFONANBINS2LU,0)
Chil = 16,0 )
Lk (mMUVELEU.1) CHET = 4,0
LF (MMULE,6T,9) CRCT = t,0
TU CUNSERVE MEMONY, STUNKE "TCUBF" Un ViSC

CALL EXEE(17,IFTK,ILTR,1802)
CALL EXECC2p2) TCOEF 2048, LFTK;0)
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oonNnCcnNo

OoOO0CONo0 OONOOOO

ooOoOne

INLIIALLZE "w® ARRAY FUR PF1 & 81UNE ON VISC
CALL LFFI(W,2048,0)
LALL EXEC(ey2oM, 4096, TFTK,10)

INITIALLZE AMIKE = TH1S AKRKAY wILL. CUNTALW CURRENT PSU AVERAGE
AMINE = NUKMALLIZED MAGNITULL. SUUAKE (PEAR) UF SPECIRA
s> VOLTSaw2. KEZ BeR 2010 .
VU U 1=1,10Q4
60 AMIAL (L) = 0,0

UbBTALIN MICRUPHONE SAMPLE

NUTE THAT TAU OATA SETS ARE OBTAINED SEWUENTIALLY,

CUMPLEX PFI. wiLL TKANSFURM TwO UATA StIS SImMUL IANEOUSLY IN SAME TIME
" AS SINGLE DATA SET,

ofF (IDAUW.LELO0) GU TU 11V

AF IHL1S BKANCH ENVERED, SET UP A/ZD SYSTEM & GET LATA
BUl FLRST, GED SIARVLING TIME FRUM SYSIEM OISC FUNM LATER COMPUTATION
UF 'bFFECIAVE AVERAGING TIME' (ToAN),

CALL EXEL(11,111MES)
99 CALL Ies13L7.,0)
CALL 1281517+6,0,0sDcd)
CALL 12313(756,=1,0,18RP,0)
CALL 123515(7+2s=1 U NFC,NSP,18F,0)
WALl UNTIL UAIA ANE REAU IN
100 CALL I2815(7,1,151AT,1LUG)
IF (LSTAT.LT,0) GU TU Luv
CALL lesisti,u)
LF LAS! ENStmHLE, GET FINISH TIME FRUM SYSTEM DISC,
IF (b bW NENSH) CALL EXEC(13,1T1IMEEF)
CHECR FUR A/ZU TIMING ERROURS
LEQIDIST (LB, n8P) Gk o) GU TU 104
ARITE (La103) NE
1ul FUNMAY(18,"(H SAMPLE RETAREN = PACING ENRRUK VERIECTED™)
60 lu 99
CHECA ITHAT UATA LS WITHIN ¢=10 VULL DYNAMIC WANGE
NUTICE 15 Glven IF UVEKLUAEV PULINTS GXCEEV 10X UF SAMPLE
104 CALL UVLUULIBE ,nSP,NPULU,NNULL, 1) ..
1F (NPULDSNNULD,LY1.409) GO 10 140
akl1E (L, LUD) NELNPOLD,NNOLD )
10% PUNMAT (PSARPLE®, 18,3, 10X,]0," SUVENLUADS, ", 10%,14," =OVERLOADS")
GU 10 14

IF THLIS BNHANCH ENTEKEU, GET DATA FRUM MAG TAPE _ _
NUTE IHAJ SYNCHNUNIZATIUN S1GNAL, INTENLEAVED wITH MIKE SIGNAL, 18 VISCARUDED

110 Ax1IE (1,111)

111 FUKMAT(/"TYPE LN AVENAGING TIME (SEC.).")
REAU L1,%) VOAK _ . )
TMIN 3 FLUAT(NENSB) SFLOAT (NBINS)EFLUAT(L3NP) ] ,Enb
1P (TOAR LY TMIN) TOAREBIMIN
1MAR 8 12,/78PLEDFLUAT(ANR]
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™
ol

OoNno XX :X 2}

o000

no

o0

IE LIBAR L GT,IMAR) THARETMAX
nRlTe (helle) TBAN
14¢ FURMATL'[oAX TU BE USEDS',F6e.2.' SEC.Y2/)
WUBLA = NOP/bG
SULN = ((CIBAR/(ISRP R E=b))=NSP)/ (NENSB=2)/704,) = FLUAT(NUBLK)
LU U §el
120 ndULK 23 IPLIX(OHLKRFLOAT(NE=2) )/ (NEeR)
CALL PIAPE(8,U,NOSBLR) . —
123 00 130 J=§,NOBLK
1V 5 64r(J=])
CALL ExEC(L1,8,1T8F,128)
1f (leUF(B).GELU) GU TUu 1@9
IF BEUF HAS BEEN KEAD, KECOMPUTE TBAR AND END DATA ACUUISITION
THAR 3 ((NE=4)x(SBLR+NDBLK) ¢NDELR) RISRPR] k=6
6V 10 260
129 vV 13y l3),04
130 JBF(1+1l0) = ITBF(Pe]le])

CUNVERT QATA TO FLOATING POINT (VOLTAGE) FUKFM, INTERLEAVE
FUR USE IN FFT, & STURE IN ANKAY "RMIKE"
140 00U 150 I=1,2V4b
12 = ¢#l
RMARE(L12=1) & JAND(IBF(I),177760B)n0,000312S
kMink (1e) & 1ANDCIBF (204841),1777608)20,0003125
150 CUNTINUE

RECALL "ICUEF"™ FRUM DISC & APPLY UVAYA TAPER

CALL EXBC(1,2,1CUEF,2048,1FTK,0)
VU 180 138,102«
le = 22
RMIRE (f2=1) = TCUEF(I) » RmIRE(l2=}1)
Rmine (h2) & TCORF(I) » KkminE(lR)
RMIREL40908=12) = TCOEF(1l) = RMIAE(4O98=]R)

160 KMInE(4U97=12) = TLOUEF(1) » RMIKE(4097=12)

CUMPUTE & REMOVE RtSIUUAL MEAN FRUM DATA
F(X) <3 F(R) = FBAR

durilsy,

SumMes o,

V0 190 [3L,NSP,2

SuMlasSumlermint (1)

190 SumE@sSuMeeRMIRR(I+])
FOARLISSUMLI/ZFLUAT (NBINS)
FBAN2EOUMR/FLUAT (NBINS)

VU 199 13| ,NOP,2
KMIKE (L) SXMIRE (1) =FBAKRL
199 RMIRE (Lo} )SRMIKE(14])=FBARE

RECALL "w" FRUM DISC & CUMPUIE PUURIER TRANSFURM
CALL EARC(3,2)n,4096,1FTR,16)
CALL FFT(NMIRE)

SUm PURER INTU EACH FREQUENCY IN RUNNING AVERAGE
LU 210 1%2,1025
Jd 3 =}
ié & 2#]
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000

OO0

[ X 2 (e X g

(oK e X o)

oo

el

CUMPUTE CUKRKENT ESTIMATE UF NUKMALIZED STATISVICAL ERROR

COmPUTe CUNKENT W M,S, PRESSURE & SPL

nNMle 2 4100 = ¢

ASPYSS(RMIAER (L= ) #a2¢RMIKE (M1l ) nn@eRMIKE(LIR2) nea2e

IRMLIAE (WMig)weg2) /CRCT

AMIRE(J) 3 AMIKE(J) ¢ (SNORMaXSPYY e AMIRE(J) = AMIKE(J))/NE

Cunlinue

SIERR 8 1, 00/8UNRT(FLOAT(NE))

STEKP = 1,0/5URT(NE*BND/FREG) -

THIS MUST BE NURMALIZED FUR B8&K 203y

eeu

$8 & U,
VU eev Is1,1024
88 2-89 ¢ AmMInE(I)

UB 3 1ULRALUBLI(SS) ¢ GAIN ...

EmrMS = SURT(S8S)

WRLITE VUI CURKENT VALUES UN TERMINAL

T

260

bElexmINe EFFECTIVE AVERAGING TIME, IF NUT PREVIOUSLY SPECIFIED,

CALLULATE THE PUnER SPECTRAL UENSITY BASED ON “BNO™ BANOWIDTH,

(L1

670

WRATE (1,250) NE,STEMKR,STEKP,UB
250 FURMAT(AFTER",13," ENSEMULES

eRS), SPL 2",F5,1," Do")

E3! enSEMBLE COUNTER
Ne 3 NE ¢ 2

1P ANELEWENSB) L1F(IDAW) 120,99

NE B NE = 2
NENSB = NE&

IF L10AU.LELU) GU TU 60O

TH = 11IMEF(4) = ITIMES(4)
IMm = JTiMEr(3) = 1TIMES(S)
16 2 111IMEFLE) = 1VIMES(2)
It = LTIMEF(L) = JTIMES(])
TUAR 2 TF/710U, ¢

AGALN = Ju.,*x(GAIN /10,)

DU o4y [X=31,2%86

Yusilx) = o,

Lividir) =

ALPLT(IN) 2 ¢,

Ul od0 LX3352,25¢Y

Fréllia) = 6vul.rllX=25)/225,
FL = FRULIX) = Bno/se,

PU = Phe{lX) * BoL/2,

KJL S FL/ZFKED

JL 2 KJL

‘F‘hJL.JLQGTlvosj JL s JL"
KJU & FU/FKREG

Ju 8 RJuL

‘P‘NJU.JulbIOUOS) Ju 2 Ju‘l
AKEA 8 Y,V

VU 670 Jd3JL,JU

AREA & AREA ¢ AMLIRE(J)

AKEASAREAAMIKE (JL) * (RJL2JL*0,5)=AMIRE(JU) 2 (JULD,5=KJV)

("1F3,2)"/%F3e2," STATISTICAL ERRO

TS ¢ 6ULt(IM ¢+ 60,2TH)
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o0 cCo0

c
¢

ALPLT(IX) B AGAIN®AREA/ZBWD
<08V YUBLIA) & 10, %ALUGT(ALPLT(LX))
' Stl UM SCUPE YGRAPH PAPER!
RURLILUNTAL AXIS I8 FREWUENCY PLUTIED LINEBAKLY ( 0 TO 6000 M2 )
VERTICAL AXLY IS PUNER SPECTRAL DENSLTY PLUTTED LUGAKITHMICALLY,

FIND MAXLIMUM SIGNAL AND SCALE GRAPM ACCONDINGLY,

ALMAX 2 ALPLT(32)

V0 500 133,290

IF (ALPLT(I),61,ALMAX) ALMAX s ALPLT(I)
900 CuUNYINUE

UBMAX 2 LO®ALUGT (ALMAX)

MSCALE = (INL(UBMAX)/Z10)280 ¢ 10

NGALW 2 MSCALE = 29

600 YGALIN = S,¢
CALL attuP(l.1Pr1(1).lPLLLllno)plsoo.lstA)
CALL XAXID(25,2%5,2,20)
CALL XAXIS (25,255,2,299)
CALL YARID(25,20/925%,8)
CALL YAX1§(255030025502)
U oy L=1,9
K 8 Sel
AYTLIC = 132, eKaSaYGAIN
CALL XAX15(26,29,1,1YT1C)
610 CALL xAxiS(252,254,1,1YTIC)
wU olh L=1,6
LX 3 %, ¢ 37,90
CALL YAXIS(1X,2u,23,1)
CALL YAX' (1X,252,254,1)
CALL Cuue
nrile(LiNE,bl2) L
612 FURMAT(1})
Ia 3 ]x = 3
CALL SILINULIX,8)LINE,=1)
615 CUNILINUE
CALL Cule
WREITE(LINE,b21)
821 FURMAT("yp®)

CALL SILIN(8,245,LINE,=2) Op.

UU 6es L31,8 {q,f«cya,

NS NGAIN & (Le3)eiQ MV RNEY,

M2 1e9, ¢ (L=3)rlUmYGALN. ... T 4
CALL Cuuk BT
ARLIE(LINE, 624) N Tl

024 FurmAL(lS)
625 CALL STLIN(3)M,LINE,=3)
CALL Cube
nRAITE(LINE,020)
620 FURMAT("KHZ") .
CALL STLINM148,2,LINE ;»3)
CALL Cuue
© WRAITELLINE,680) MMUUE,NMUDE
030 fUth'l'l"l""'yll") MUDE"™)
CALL blLthlOOoaﬂooLlNEp'lol

NUM FLUT YHE SPECTNRUM
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OoOO0O0

CALL SEIUP(2)IPTS(1),IPTE(2000),2V00,15TC)
V0 ob85 1x338¢,250
1V = 15es ¢ YGAINR(YOBCIX)=NLALN)
IF GiY.LT.2u) GU TU o089
CALL idIPw(IX,1Y)
Iivilx) = 1y
685 CUNIINUE

NOW AUD PSEULU=CUNNECTING LINES 80 SPECTRA PLOT APPEARS CONTINUOUS

69V LU oYt 1X55S,e49
IYML 3 JIY(IN) =
P (Iymioll,20) GU TU 69%
18 2 MINQCLIY(IX=1),22Y(iXe1))
IF (Iv.lT.20) loseo0
IF (Is.GELIYML) GO TO 695
CALL YARIS(IX,18,1VYML,2)

695 CUNTINUE

LIST LoPUKTANT PARAMETERS ON LINE PRINTER

WRITE (®,721) luATE.MMODE.NMUut,1A.NEN5B.SI&RR.8!ERP.!BAR
WKEITE (6,722) APER,FMAX,FREW, BNV
WRAIE (By/¢3) GAIN,LMRMS,UB !
nklle (b6,7¢4) LHILE
1721 Punmu("1".60Ae.//.1X,"(".ll."o".1h") MUUE’.//.IX.,QOAB:/N
3" AVEKRAGED PENIUDUGKAM SPECTRAS®™,/,1X
Lodbe™ SAMPLES TAKEN 2> NOURMALLIZED STATISTICAL ERWKURS 3", Fa.2,"/"
€rF 3o/ o iXoFT48s" SEC, AVERAGLING 1IME®, /)
fee FURMAT (11X, "SAMELE LENGTHEI" ,F26,5," SEC.", /11X, "MAXIMUM FREWUENCYS
1% bF17,0," HE™y /o 11Xy "MAXIMUM SFECIKAL KESOLUTIUNS®,F9,2," H2"y/,
€llX,"PLUT BUULIVALENT BANURIDTHS®,Fb.1," Hi®, /)
725 rURMAT (" d&K 2010 AMPLIFLIEK *METER ZENU'I®,Fh.1," DBRp/s™ RoM. 8, V
1ULIAGE UF AVEKAGED PRESSURE SIGNALS®,r6,2," VOLTS®,/,® FUR SPL UF3
€"iFbedy™ UF®,7/7/7)

74 PunmAT(®™ VAIA STUKAGES 'PIPE TAPE' FILE #"014,7," SUURCE PRUGRAM
13 PIPE (2r3777)")

nrliz (b,72%) 1FILE
725 FunbAl ("1", 28K, "FILE #™,14,/" ",4(4X, "FREU, 0B *))
nkilk (b,728)
780 FURMAT (" ")
bu 726 1Xx=s2,8%
1x1 2 In ¢ 9%
ixe 8 1al ¢ vy
I8 = 1x2 ¢ %%
726 nrlit (6y/e/) FRUCIX), YOBCIX) FRUCIAD),YUB(LX1),FRA(IXR),
SYLBLIXE)yFPRULLRA),YUB(LIXS)
727 FURMAT (™ ", 4{4n,F2,0,1%,F%,1))

ARLITE (6,727) FRULBO) ) YUB(BE) FRUCLIAL),YOB(LG1) ,FRUCL190),
dYUBLIYL)

VISPLAY SPECIKA ANO LIST ON TENMINAL [F DESIRED,

CALL LSPLY(L,2,0)
wNlle (1,730)

T30 PORMAT ("1YPE "1 IF LISTING 48 UGSINED ON TERMINAL, "/
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3, UIHERALOE TYPE teytny
KeAUD (1,%) LIST
IF (LISI.ku.=1) GO TO 739
wRilE (1,756)
736 PUKMATL ("U™, 4 (44X, "FREW,. 0B *)/)
VU (87 Lxa3g,8%
11 31X & 9%
Axkeg & IX) *+ 8% ’
Ixs & [x2 ¢ 9% ‘
137 wrllE (3,7588) FhU(IX)'YDu(IX).FRG(IXI).Yuu(lxx)oFRU(lxa)'
SYUB(LIXe),FRU(LIXS),YUB(IXS)
7358 FURBAT (" ", 4(4X)F9,0,3X,F5,13)
welle (1,738) FRULBO) ,YOB(BO)  FPRUCLIG1),YUBC(L4)) o FRUCL9S),
aTuBLive) ‘
73% CUNTINUE
nriTE (1,7359)
139 FURMAT (" TYPE '1' TU STURE QUTPUT ON MAG TAPE, "/
$" UTHERNISE TYPE tepln)
KEAU (1,%) SIUKE
CALL OSPLY(=1,0,0)
IF(S1UKEEU,=1) GO TO 3000

STUKELIvF URMATIUN ON MAG TAPE,

o000

REwiNL &
NFILE = LIFILE = §
CALL PlAPE(B,NFILE,0)
wrllE (8,751) 1DATE
wrile (8,731) 1A
nrlle (b,732) 1FILE,NBINS,NENSY,MMUDE, NMODE
whilb (B,7158) APER,FMAX,FNEU,STENS, STERP
nRile (5,738) &.MNMS'DB'GAIN'bhOOTb‘N
nlle (8,754)
731 FUKMAT (4UAE)
15 FuriAT(8120,211)
735 FURMAT(SE2U,.T)
T34 PurmATL® THIS RECURD INTENTIONALLY LEFT BLANK")
CALL txEC(2,8,AMIKE,2048) 1
CALL taeC(2,8,ALPLT,512)

thu FILE &
ek PILE &
REnIND 8
c
c 1nld SECTIUN &X1TS PRUGRAM
¢
10V CUNTINVE
S0P
tivy
3

LIST BENVY wewe

i
4
1
i
1
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Al.2, Program PIPE4

The computer program PIPE4 digitally samples. three mi

T
puts (PW(O), PW(E)’ ang Pw('ﬂ')),
Po(M) and. (B _(0) - P.(3)),
PW(O), (PW(O) - Pw(ﬂ)) and PW(O) - Pw(g§). The spectra are displayed
on the oscilloscope plotter and stored on magnet
Results are listed on the. line printer.

crophone out-
performs the subtractions (Pw(O) -

and calculates the frequency spectra.of

ic tape for later use.
This program also operates in an interactive fashion and is usually

controlled from a remote teletype terminal. Input and control variables

are explained in the comment lines included in the listing.
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Al.2. Listing of PIPES4

FIN,L
PRUGKAM_PLPEA.
c CYANEAN]
c. e KEKRSCHEN
c
C  1HLD PRUGKAM TAKES SIMULTANEUUS SANPLED UF P(U), P(90) AND P(180) TU-
c FUKM THE T11ME AVEKAGED SFECIRA <€P{U)wag>, <(P(U) = P(180)}nad> ANY
c C(P(Y) = P(90))aee> NECESSARY FUK T1ME AVERAGED MUDE SEFARATION, THE
c TiME AVEAGEU OQUTPUIS AKE STUKEU UN_TAPE POR USE NWlin PIPE3,....
c
c INPUT IS8 MICKUPHONE R(0) INTU CHAN, 16, _E(90) INTO CHAN. 17 ANO
c PL180U) INTU CHAN, 18,
o
C
c QUTPUL.. 188 SPELTRUM UN USCILLUSCUPE PLUITER
c UOCUMENTATION ON LINE PRINTER
c PANAMEIER AND NESULIY STURAGE ON MAG TAPE
c
c

ooOOOCnOnn0n

OoOO0O0n

CUMMUN JHF(b164),IMIKE (2Uudb,3),AMIRE(D12y3)
uxm;wslum.IDAIE(ao).IA\ao).LthtSu).ntxuea).IPLAtBOOO)'1FILE(3)
UIMENSIUN. TCUBF(512),117(256),YUBI256),ALrLY(250)FRU(250)
VIMENSLIUN ITIMES(S) ) LTIMEF (5) pWPULDLS) ¢ NNULL(3) ,EMRME (53,08 (3)
ULMERSLUN RMLIKE(204b),CMINE(S12),1P11(1300)

EWULVALENCE (ABE 1) 4 TCURF(1)on(l),YUB(1)) o (1BF (2049) ,RMIKE(L))
EWULIVALENCE (JbF(533),11YC1)),CIBF(T069),ALPLT(1))

EGUIVALENCE (IBFL1281),FRW(1)), (ABF(1793),1PT1(1))

eUUIVALENCE (15Fl309$1o1P}3(1)).(AuF(SlZl)oGMLKE(X))

SET PARAMEIEHS FUR THIS RUN

1FALE = YPIPE TAPE' FILE # FUR STURAGE OF KESULTS

DAIE & CUMMENTS ARE FUR DUCUMENTATLOUN

NMUDE 15 SET 10 '6' FOK THIS PRUGHAM

MMUDE 1S5 SE1 TU '6' FUR THIS PRUGNAM

GALNL = UB LEVEL UF BaK 222 LAIN SETIING

GALN = 130 = GAINL 4 FUR CONSISTENCY nITH OTHER PRUGKAMY,
NENSB = NUMBER UF PERIUDOGRAM AVERAGES TU bt MADE

wR1IE (1,%)
S FUKMAL("INPUT 'FLONYS TAPE' FILE NUMHBERS FOK STORAGE OF*/
S <P LU)nnEd>, <(P(0) = P(180))ne2> AND <(P(U) = P(90Q))ne20")

KEAU (1,%) 1FILECL),IFILECR2).IFILE(3)

wrlit (1,00) '
1V FURMALL/Z"ANPUTS DATE. & A LINE OF CUMMENTS FOR THIS RUN"/

et et 278701/

3w $24 IN. NULZLE, DELPLFM & 3,0 IN. H2U, 60 1IN, OUNNSTHEAM,®)

HEAD (1,11) LJUATE,I1A
11 FURMAT (GUA2,/,40A2)

nrile (1,12)
12 FPUNMAT(//"INPUTS  GAINL, NENSB.")

neAU (3,%) GALINS;NENSH

MMUULE 8 &

NMUUE 8

GALIN = 13y = GAINY

InITIALIZE ENSEMBLE COUNTER ®NE® & SET PARAMETERS
BNU B BANUNLUDIN FUN USE IN SPECTRA PLUIT (ne)
IbKP & PENLUD OF DIGLITAL SAMPLING RATE (MICKO=3EC.)
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COOOONOO

OoOnNn 000

[2X X o]

ONOOnO0n

OOOOO000

OOOOnNO

NoiNS & WUMBEK UP PULNIS PER UATA Sk1
APLK & BASIC SAMPLE LENGTH (8tC,)

FreY 3 SPECIRAL RESOLUTION (HZ/HAKMONIC)

nSP 2
NFC = A/Z0 CHANNEL 16

nNE B 2

Bry 3 10.001.5
1ok 8 i1
noINS. = 1024

NUMBEN. UF PULINTS OBTAlNcD BY AV _8YSTEM

ArER = FLUAI(NBINS) ] E=6#FLOAT(1ISRP)

FREW 3 Lo/APER

FMAX & PNEUsFLUAT(NBINS/2)
NSGP 3 (2aNBINS) w3

NFC 3 16 ¢ 20uB

whC = 18 ¢« 200B

HAMMLNG DATA wINGOW wlLL BE USED Tu TAPER MICROPHUNE SAMPLES,
[HE PULLUNING STATEMENTS CUMPUTE THE WEAGHTING COEFFICIENTE ...

TPuUn 5 WINUUAN PUNER CURRECTION FACTOR

Pl = 5,141%9¢65
NLUBF = NBINS/2
TPUN 2 U,

yu Su 1=1,NCUEF

TCURF (1) & V.54 = 0.46%CUS(PLAFLOAT(I=1)/511,)

%0 TPuUW = 1PUW ¢ TCOEF(L)wnd
1PuUN 5 2.xTPON

SWURM WNURMALIZES FFT OUTPUT,

SNUKM = 1,7 (TPUNRNBING)

TU CUNSERVE MEMURY, STURE "TCUEF" ON DISC

CAatbl EXECLIT LFIK RLTR,1812)
CALL EREC(2,2sTCUEF,1024,LF [K,0)

INLVTIALLLE ™w™ AHRAY FUR FFT & STURE ON DISC

CALL LIFFT(n,1u24,0)
CALL EXEC(2:2,W,;2048,1FTK,8)

INLTIALIZE AMIKE, AMIKE wlLL CONTAIN CURRENT PSD

AVERALES (KELAVIVE TU 1GAINY),
Vu 6L J=1,3

VU 8¢ 131,512
o0 AmIRE(L,J) 3 0.0

UbTALN MICNUPRONE SAMPLE

nuTe IHAY Tryu UATA SETS ARE UBTALNED SEUUENTIALLY,

CUMPLER FFT WILL VTRANSFURM TwU UATA SETS SIMULTANEQUSLY 111 SAME TIME

AS SInGLE UATA SET,

NRLITE(R,70)
70 FURMAT(/"™ NENSB®,3X,°8TAT, ERR.": 3K
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L1

oo o

onNOM

aooOoOon

ooOoMNo

OO o

)“‘(P(UJ-P(IGU))!'¢>'0330"(9(03'9(90)"'2")

St UP AZU SYSIEM & LET Dala
VUL FINDT, Gt STARTING. TimE FRUM 8YS 1M VidC Fouwr LATER COMPUTATIUN
UF YRFFECTLVE AVEKAGING llhtl-(llkﬂ).
CaLL EXECLEL,1TIMES)
99 CALL 1es13(7,0)
caLL 1&315().1.0+3.l«0&.NLCJ
CALL 16514(7‘000001505)
CALL‘14515(7000'100013R900)
CALL I¢31&(1030'302vNECoN6P015500)
WALL UNTIL UATA Ak READ N
100 CcaLy 1&313(701;1@"101LUG}
Iy, UUdTal,LT,u) GU T 1wy
CALL 12313(7,v)
IF LAST ENSEMBLE, GEY FINISN LIME FRUM SYSTEM oisc,
IF (NE, U, vENSH) CaLL EXECCLL, 1T IMEF)
CHeCR PUR AZD TIMING ERNUKRS
1bt1ulaltxar;msvl.bt.0) GU YU tus
WRLTE (1,301) NE
101 Funntl(lu,'leSAMPLt RETAREN = PACLING ENKUR DETtCTED')
LY 10 9y .
CHECR THA) DATA 18 mlTHIN *=10 VULT LYnNamiC NANGE
NOTICE IS Glvew IF UVERLUADEU PUlNTS EXCEED SX OF SAMPLE
104 CALL uvLuu(qu.NbP,NPuLU.NhuLu,s)
MEULU = WPULU(L) ¢ NPOLU () ¢ NPULL(3)
NULU & wwlLlo (1) ¢ NNOLD(2) o NNULL (3)
1rgnPuLuouuLv.LT.(Nbvleu)J GU TU 149
BRITE(L1,109) NEyMPULU,NULD
1us FUNMAI("SAMPLt'.lso"S"'IOA.IG.' *UVERLOALY, ", 10X,14," “OVENLDOADSY)

SEPAKATE UAIA INTU FlO)sIMIRE(I,1), (P(U)'PCIBUJ)SINXKE(loC)
ANV (P(U)-P(90))=lhtnh(l'3). UATA mILL BB CONVERTED 10 FLOATING
PUINT VULIAGE FURM LATEN,

130.00 140 is81,2048

IMIKE(L,]) smxANu(le(3:1-2).17716052/u

IMine(l,e) = IMIRE(L,1) = IAND(ISP(Swl)'l7770033/0
140 IMink(1,8) = IMIRE(L, 1) -»LAmutluF(3u1911.1777oou)/a

CALCULAIE PUUKRIEN TRANSFUKMS OF PLu)y (PLOI=P(184)) AND (P(¥)=P(90)),
LU ¢Sy J&i,3

INTERLEAVE FUN USE AN FFT, STune IN ARNAY *NMIKE™, AND CONVERT
TU PLUATING PULNI VULTAGE FUKM,

VU 15v 133,104

le & 24y . ‘

RMIRE (l1g=1) = IMIRECT,)d)n0,0025

KMLIRE(12) = xnan(NBINSOIoJ)GO.UOlas
150 Cuntinue

NECALL "TCURF® PNUM DISC & APPLY DAlA TaPEN
CALL EltC(l;i,lCOEF.lO?‘.lFtK.O)
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LU ey 153,812 .
ie = 2ay

WMIKE(le=1) = ycogs (g
RMINELLR) = 1eger ()
RMLKE(&U:U-IB) 3 TCUEF(IJ

& TCUEF(1)

180 nanE(eua9-12)
c
c CuoMPUIE & REMUVE

) n-Rhlﬁ?(lE'l)

ths:(ao:u-xai
unxne(aoav-ze)

RESIDUAL MEAN FRUM Dara
c Fix) <= F(X) « pBaAR

Sumizy,
Sumesy,

VU 19y I=1'NBINS
12 & ¢a)

19y humeasumeoxmxu&(xa)

Id = 2n}

nn1n£(xa-1)=nm1nt(xa-1)

199 nnLaE(l&):nmlRE(la)
(

C KECALL nyn FRUM Dlsc &
CaLy txecyy,
Caty FFT(RMIK&)

00
173
[ =4
x
T
[ =
F
r
X
=
<
-
(&
”
>
(2]
x

le = gay
hMie = €Ul = 1o
xaPrs=(nM1n£(le-x

~FBAR]

~FBAK

COMPUIE Founigr TRANSF UNM
Eon.aooa.xFrn.oJ

)ane+RM1Kt(NM]&‘I)'*d’NNIKE(Iel'*e*
sumxnt(NMlz)ttcl

AMIRE(L1,d) = AM]

- Amlnttll.J))/N&
el Cumi INug

coo

Cumbuig CURNENT EsT

Siehp =z 3

nE(l,

J) o (SNURMAXSKFYS o AMINE(LS,d)

IMATE uF NORMALIZ2ED STATISTICAL ERRON
Slehk = x.ou/SuRI(fLua!(wt)l

.U/SUkI(NtnanD/FNEUJ
C  Cumruie CUNNENT oM, 5,

RRESSUNRE & SPL
InlS MUSI we MUKMAL 1 4ED FOr ek 2p¢
bu ¢eu 1=s),55,
€20 55 = 85 o AMIRE(1,J)
bbid) = lu.nALUGT(SSJ * GAlN
EMRMS (g) = SUKkI(§y)

23V LUt iy

mRITE Lyt CUNKE

LLUBES (1,2%¢y) Nt.b!tRN.
ehy FURMA ] (®

IX 3 thotmeLe CUUNTEN
Ne 8 Nt o

lP(NE.Lt.NthU) 6U Ty vy
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o000

(s X oK g]

oOCcoOoOcn

2oy Nt 3 Nt = 2
Nendb = NGB

Uk TenmIng BFFECIIVE AVERAGING TIME, IF NOU) PNEVIOUSLY SPECIFIEV.
TH 2 TFIMEF(4) = JTIMES(W4)

M = LIIMEF(S) = JTIMES(S)

19 2 J1IMEF(2) = J11MES(Q)

TE & LTIMEF(1) = ITIMES())
*

THAR = IP/IOO. TS. ¢ BUA(TIM ¢ GUnTNH).

CALLULATE _IHE PUAER SPECTRAL DENSILY BASEU UN "uwU™ BANDWIOINW, . ... . ..

REniNU &
NFILE R}

LU 19wy J=1,3

AGAIN = Ju,ne(GAIN 71Q,)
VU o400 LXx3L,2%6
You(lIr) s 0,
Livilx) s ¢
640 ALPLICIX) = 0,
UU b8y Lx248¢,e5%0
FRUCLX) = o000, n(1X=25) /225,
FL 2 PrUW(LlX) = bau/sR.
FU = FRWLLIA) ¢ bwO/ze,
KJL & FL/FNEY
JL & RJL
IFARIL=JL T, 0.5) JL = JLe}
RJU = FU/ZEKEU
JU & kJU
LF(RJU=JU,GT,0,5) JU = Juel..
AREA 5y,
UU o7y L3JdL,dU
670 AREA = ARGA ¢ AMIKE(],J)
AREASAREA=AMLIRE (JLod) # (RILoJL eV S)mAMIRE (JU,J) # (JU20,5=RJIV)
ALPLI(LIX) = AGALIN®AKEA/ZOWU
bBY YUB(LIX) & JO.mALUGT(ALPLTI(IN))

SE1 UP SCUPE 'GRAPM PAPEKR?
RURLLUNTAL AXID 15 PREQUENCY PLUTTED LINEAKLY ( 0 TU 6000 MZ )
VERTICAL AXIS LS PUAER SFEUTRAL UENSLIY PLUTTEU LOGARITHMICALLY.

FINY MAXIMUM SIGNAL AND SCALE GRAPN ACCUNDINGLY,

ALMAX = ALKLT(32)

VU Suu 1383,25%¢ _

1F (ALPLTCL) LT ALMAX) ALMAX & ALPLT(])
500 Cunwlinvt

VUMAX = JUeALUGE(ALMAKX) '

MOCALE 3 (ANI(ULMAR)ZLU)®L0 ¢ 10

NGAIN 3 MSCALE = 20

YoAIN 3 5,0 X
CALL SETUP(L,LrT1C1),APTRCL300),1300,]18TA)
CALL XAXRL1IS(29,29%%,2/,2V)
CALL XARLIS(2Y%,299,2,255)
CALL YARLID(25,20,25%,¢2)
CALL YARIS(295%:20,255,2)




oo

[z X 2R 2]

[sN N 2 X g}

Uy olu L=g,9
R & Sel .
AYTIC = 132, *RaSeYBGAIN
CALL XAAISLEL)29,1,1YT1C)
61U LALL MAXLID(EY9¢,254,1,1YTIC)
VU 8ld LS,
I 3. 29, ¢ 37,50
CALL YAXLIS(1X,20,23,1)
CALL YAXIS(IX,252,254,1)
CatL Cuut
nklit(Link,0i2) L
6le FUKM..T(1L)
Ix 2 Ix = &
CaLt blLIN(IX'G,LINE"U
619 Cuniinut
CALL CUuz
nRLITE(LINE,82))
621 EunmAYL("uvu")
CALL STLINLE,245,LINE,=2)
LU 6év L3y,S
N 3 NOGALIN ¢ (Le3)xll
M 2 129, ¢ (L=3)aiUnYGAIN
CabL Cuut
WRIIE(LINE,b24) N
624 FURMAT(L1S)
625 CALL SILIN(S,M,LINE,=8) .. _. .. ..
CALL CUle
ANLIE(LINE, 628)
620 FURMAT("RHL™)
CALL SILiIn(14d,2,LINE,=3)
CaLL CQue
nlit(LiInE,630) MMUDE,NMOUER
630 Funmal (.“‘"01‘0'.'9110.) MODE®)
CALL STLIN(IVU, 24U LINE,=10)

NUN PLUL. THE SPECTRUM

CALL SEIUP(,1PT3(1),1PT3(2V00),2000,187C)
LU bbS 1x382,2%0
ly 5 132, ¢ YGAINS (YUB(IX)=NGAIN)
AP LIY,L1,20) GU TO. 68s...
CALL LSTRW(LIX, 1Y)
Livilx) & vy .
685 Cun!INyVE

NUR AUU PSEUDO-CONNECTYING LINES SU SPECTHA PLOT APPEARS CONTINUGUS

590 LU o095 [x=333,249
IyMy = LLv(lx) = §
It (lYymy,L1,20) GU TUu &9%
I 2 MINOCLIY(LRel),;20Y(1Ke1))
AF L1B.L1,.29) lus¢o
IF (18,6E,LYM)) w0 TO 095
CALL YAXLIS(Lr,5B,1YML,2)

695 CUNTINUE

LIST IMPORTANT PARAMETERS ON LINE PRINTER
IFLJeGT,1) GO 10 710
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OO0 0

nkllt (6, 716)
LU 10 719

714 lF(J.bLT,2) GU-10..715

wrilk(o,7147)
LU Tu 11y

TiSwxllt(6,788)

716 FURMAT (1. INSTANTANEOUS SAMPLING PROGURAMZ <P (0)n22>")

717 FURMAT (™. INSTANTANEUUS SAMELING PROUKAME <(P(0) =-P(180))sn2r®)

716 FUKMAT("L INSTANIANEVOUS SAMPLING PROGRAM: <(P(0) = P(90))en2>")

T19 wiklit (6,720) JUATE, JA WENSB,SIENR,STENP yTHAR

AkllE. Lh‘ldl) ‘PER,FMAX,FR&U.“ND

WR1ITE (6,722) GALN1,EMRMS(J),08(Jd)

WRITE (6,723) IFILECL)AFILE(R) IFILE(S)
nrllE (6,724) 1FILECJ)

720 FURMAT(//® Po40A2,// 1% 040A2,71/
$* AVERAGEU PERJUDUGKAM SPECTRAS",/Z,1x
10105 SAMPLES TAREN 3> WNUKMALLZED SYATISIICAL ERKURS s*,E4,2,"/"
CorFSaco/ e RpFle1,™ SEC, AVERAGING TIME®,7)

721 PUNMAT (11X, "SAMPLE LENGTHI™, F20,5," SEC.™9/11X,"MAXIMUM FREQUENCY?S
1" FL7.0," HE™) 211X "MAXIMUM SPECIRKAL RESULUTIUNS® F9,2." HL%,/, ..
2LLA,"PLUT BUULVALENT BANURIDTHE",F6,1," HZI",7)

722 FURMAT (" dark 222 GAIN SETVINGI")FS.1," Du%,/," R,M,8, V",
1*ULIALE UF AVERAGED PRESSURE SIGNALI™,Fb.ds"_YOLTSE",/," FUR SPL",.
2% UFS ", Fo.2s" LB",//) ' )

723 FURMAT(™ FILE NUMBERS ", 14,%, ",14," AND *,14," TAKEN SIn®,
SYULIANREUUSLY")

724 PURMATI(™ DATA SIURAGES 'PIPE TAPE' FILE A", L4s/," SOUKRCE PROGRAM
18 PLIPE4 (S/71e777)")

wRIIE (6,72%) IFILECY)
725 FURMAT (P1%,29%K,"FILE 8", 14,/" ",4(4X,"FREW,___ DB "))
arITE (be728)
728 FURMAT (" ®)
Uu 726 Lx=32,8%
IXl1 3 [x ¢ %Y
Ixe = 1Ix1 + %%
IX3.2 1x2 ¢ 55
726 nRIIE (6,787) FRUCIX),YDB(IX),FRUCIXI),YOBCIXE) FRQO(IXZ),
SYUB(LRZ)PRULLXS),YUB(IXS)
T27 FURMAL (™ ", 404X, F5,0.3%,F5,¢))
BRiTE (0,727) FRUCB6),YDB(VS),FRUCIAL),YUB(141),FRA(1906),
3YDB(196)

VISPLAY SPECTNA AND LIST UN TERMINAL )F UESLIRED,

CALL DSPLY(1,240)
nkiTE L1,730)
730 PUNMAT ("TYPE 1Y IF LISTING 19 VESINED ON TERMINAL,"/
$,"UTHERNLSE TYPE teit®)
KEAD (3,%) LIST
CALL USPLY(=1,0,0)
LF (LiSt,tW.=1) GU TO 735
nelTe (1,736) _
736 FURMAT ("u",d(4X,"FREQ, Dy *)/)
VU 737 LXase,uS
Ixl ® Lx ¢ 5%
1X2 8 1xl ¢ 55
Ind = 1xe ¢ 55
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131 aNIIL (1,738) ERU(IX), vuu(xxz.rnucxxx)'vuu(xxx).rnn(xxa).
AMVB(IX2)FRUCIXS),YUB(IXS)
738 FUKMAL (" *,uu.ﬁs.o.n.Fs.n)
WRITE  (1,738) FRO(66) . YOO (80),FRULIAL),YUB(IGL), FRE(196),
$TUB(LIYL) .
735 Cufisl INUE
aRkiTE (1,739)
739 FUKMAL (" LYPE *1' TO STORE OUTPUT. ON.MAG TAPE, "/
$" UTHERNLSE 1YPE leyl!®)
READ (§1,%). SIURE
If\SIDKﬁ.hG.'I)Mﬁ0~YOWIOOO‘

STUKE INFURMATIUN ON MAG TAPE,

[z Xz X 2]

DU /740 1I=1,51e ;
740 CMink(l) = AMINE(I,J) ;

NFILE = LFILE(J) = NFILE i
LF(NFILELEL,O0) NFILE = NFILE e § i
CALL PTAPE(8,NFILE,0)
NFLILE 2 APLLECY)
nRITE (8,7383) LluAlt
nRilE (8,751) 1A
nRLIE (b,735¢) IFLLECI) p NBINS , NENSB, MMUDE ) NMODE
WRLITE (8,733) APER,EMAX,FREQ,STEXRR,S1ERP
BRITE (0,733) EMRMSLJ),08(J),GAIN,BND, TBAR
NRLIIE (8,734)
751 FURMAT (4OAR)
732 PurmAT(3120,211)
1835 FURMAT (St2u,.17)
134 FURMAT(™ THIS KECUKD INTENTIONALLY LEFT BLANK")
CALL ExeC(e,b,CMIKE,1024)
CALL EAEC(2,8,ALPLT,512)
ENU FALE 8
EnD EILE 8.
CALL P1APE(8,-3,0)

1000 CUNTINUE
REnlnD &
stop
Env

3
LIST END anes
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Al.3. Program PIPE2

The computer program PIPE2 performs the subtractions of time-

averaged data nceded for the time-averaged mode Separation technique.
This program ope

and (Pw(O
PIPE4.

rates on frequency spectra of Pw(O),_(Pw(O) - Pw(n)),
) - Pw(%)) which have previously been calculated by program

The program PIPE2 first needs the frequenc

y spectra of Pw(O),
T
(F,(0) - P (m) and (2,(0) - p, (D))

from magnetic tape. The time-~
averaged mode separation is then performed at each center frequency of .

the 31.6 Hz bandwidth data. The (0,0), (1,0), and (2,0) mode spectra

are then sequentially displayed on the oscilloscope plotter.

Results are
listed on the line printer and stored on magnetic tape.

The program operates in an interactive mode, with the input informa-~

tion being provided when asked for over the CRT terminal.

The input
variables

are explained in the program listing.
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o000 O0O0n
B

Al.3. Listing of PIPE2

PRUGRAN PlPER

2se9%/117

€. KERSCHEN

TH1S PRUGKAM PeRFOKMD MODE SEPARATIUN BY A MATRIX
UPERATIUN ON 1IME AVERAGED UATA, AND PLUITS
SPECLRA UN THE OSCILLUSCUPE PLUTTEN,

SUUKCE SPECTRA MUST MAVE BEEN PREVIUUSLY OBTERMINED & STOKRED ON
"Pire TAPE' BY SUUNCE PROGRAMS PLIPE (2/3/71)

CUMMUN ALPLT(256), IPT1(1300),24Y(2506),Y0B(256),IPT3(2000),.
3A(256,3),P(296,3) ) AMIKE(1024),FRU(250)

ULMENSIUN NDATE(40),IA(40),L0ATE (W) )LINECSQ) JMFILE(S),
$JF1LE(S)

nRITE (3,8)
8 PuUnMAT. (/7" INPUT THE DAIEM)

READ

(1,9) WDATE

9 FURMAT (40AR)

lenik

z 0

keninD &
wFILE & )
nedlTE (1,10)
$0 FUNMAT(//" MATRIX MUDE SEPARATION TECHNIWUE"//"TYPE IN®
1," SUUKCE 'PIPE TAPE' FLLE NUMBERS FUOR <(P(U))nadd,"/
2" <LPLU)=P{180))an2> AND <(P(0)=P(Y0))an2>,")
ReAU(l, ) MEILECL)oMFILE(R) MFILE(S)
wRllE (1,11)
11 FURMAT ("T1YPE IN FILE NUMBERS FUN STURAGE OF MUDAL SPECTRAY)

KEAV

(1y*) JPLILECL),JFILE(Q),)JFILE(S)

REAU UATA FruM MFILES,

VU Qv 131,48
NFiLE 3 MFILE(]) = NFILE
IF (NPILE.LELU) NFILE 3 NFLILE = )

CALL
KEAU
REAU
NEAY
REAL
Rt AV

PTAPE (B8 NFEILE,V)

(8,15)1DALE

(By15)1A
(8,06)IFILE,NBINS, NENSE, MMUDE , sMUDE
(0,18) APER,FMAX,FrEW,STERK,STENRP
(8,18)cMRMO,UB,GAIN;BnU,; THAR

15 FURMAT (4VAZ)
16 FURMAT(SM2y211)
18 FURMATLSEQU,.T)

CALL
CALL

buU s

PIAPE(B)U,2)
EXEC(1,8)ALPLT,512)
AXS1,25¢

30 ALLK,L) 3 ALPLTLIX)

CHECA THAY PRUPER DATA MAS BEEN KEAD IN. . . .
nklLE 2 IFILE
LF (MFILE(L).EW,IFILE) 6O TO SV

TMLIS uMANCH ENTEREU ONLY IF DATA ERNUN DRTECIED
45 mNITE (1,47) MFILE(D)
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[ 2] o000

o000

[N K o)

oo OoO0o

47 FURMATL//PDATA ERKUR UETECTED IN KEADING FILE 8% 14)
lenn = ) .

NURMAL PrUGKAM CUNTINUATLION
MRLIE VUL VUCUMENTATIUN

90 ANITE(1,51)IFILE,1UATE,)1A,00
S1 FURMAT(//%F]Le u'.xs.l.aoaa./.aoaa./.'aPLA:'.rb.a.' o8%)

20 CunTINuE
IF(1ERRL.EW 1) GU 10 1000.

PERFURM MUDE SEPARAYLION,

VU 40 Ixsi,e%0
PLLIXp1) 5 ACIX,1) = ACIX,2)/8,U = ACLIX»3)78,0
PLUIXy2) 3 A{IX,2)/4,0

40 PIX,3) 2 A(IX)3)/74,0 = ACIX,2)78,0

NUN PLUT SPECTRA ON OSCILLUSCOPE PLOTTENR

MUDE 2
QU oU I=1,3
DU 10 Ix=232,2%0
70 ALPLT(IX) = P(LIX,1)
MMUOE 5 | = |

Skl UK SCOPE 'GRAPRH PAPER! .
HURLAUNIAL ARLS IS FREWUENCY PLUTTED LINEAKLY ( 0 TO 6000 MZ )
VERTICAL AXIS 1S PUWNER SPECTNAL UENSETY PLUTIED LOGARITHMICALLY,

FINU MAXIMUM SIGNAL AND SCALE GRAPH ACCORLINGLY,

ALMAKR = ALPLT(32)

VU S0V Js85,25%0 '

AP (ALPLT(J) eUT,ALMAX) ALMAX = ALPLT(J
S0U CuniINVE

VEMAX & JysALUGT (ALMAX)

MOCALE 2 (INV(DHMAX)/10)810 ¢ {0

NOLALW 2 MSCALE = 20

6U0 YuALlN 2 Y,y
CALL SeluP(1,1PT101),1F-1(1300),1300,18TA)
CALL XAX1ID(29,¢%5,2,¢20)
CALL XAXIS(25,29%,2,259)
CALL YAXLIS(@Y9,20,255,2)
CALL YAXLD(299,20,299,2)
VU 610 L=y,y
R 5 He|
LYTIC 2 142, *RaSeYLAIN
CALL XAAL3(eb,29,1,1YTIC)
010 CALL XAX1S5(252,2%441,1YT1C)
VU olb Lai,d
IXx & €, ¢ ”.b'L
CALL YAXI3(1'+,20,23,1)
CALL YARIS(1IX,252,2%4,1)
CaLl CuuvE
aellb(LINE,B32) L
012 FURMAT(1))
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JRLVRR

R X Lt

e X ol 2]

e X2X 2

1
4
A 3 X = 3
calL lelwtlk,e.LlNE.-l) o
815 Cunlinve
CALL Cuvt

MRLTR(LINE,621)

621 FURMA L ("pgn)
CcalL lelw(u.eas.LINE.-Z)
VU by Lat,y
N 3 NGAIN ¢ (Le3)210
M S 129, ¢ (Les)nionYGAlNn |
CALL Cuue
MLUIE(LINE,b24) N
624 FURMAI(]3)
625 CALL bTLIN(Spnoklue,-SJ
CALL Cube
WRATE(LINE, 028)
62b FunMAI("KHl")
CALL SlLlN(l“é:ZoLlNEo'SJ
CALL CcOut
nRITE (LINE,829) MMODE , NMUUE
629 SUKMAT (""" l1,",%, 11,

") MUDE®)
CALL srletzoo,aao,Lxue.-xO)

NUN PLUT THE SPECTIKRUM

CALL SkTuP(2,1PT
DU b4y 1xs),2%6
Yuslix) = g,
Hriix) = ¢

Ul 68y Ix=s2,2%99
Fru(lx) = 60UV (IX = 2s)/ees,

1F(ALPL1(IX).L&.1.0E-3OJ GU TO b4y

Tor(lx) = 10.*ALOGI(ALPLI(lx))

1Y = 132, » YGAIN*(YDB(IX)-NGAIN) .
AP Clreut,20) 6o 10 680

CALL lalPNllelY)

iv(ix) = 1y

680 Cumwllnyg

i
301, 1PT5(2000),2000,187¢)

b4y

U AU PSEULUSCONNECT ING LINES S0 SPECTHA
690 VU 695 1xss3,249

Irmi = Jlv(ix) 1

AF tlvymilLt.2v) ou TO 695

iy s Ml&O(llY(lX-lJu117(1X01J)

4F (lB.L1,¢0) Igzeu

b LB GE IYMY) 60 T0 695

CALL YAKIS(IX.I“&IYMIoé)
695 CUNTInuE

PLUT APPEAKS CONTINUOUS

THIS 1§ & TEMPORANY FIX,

LAl & 0,0

EMnMS 2 0,0

Ub 2 9,0

V0 096 Jz1,41024
696 AMINE(J) 3 9,0
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L1ST IMPUKTANT PAKRAMETERS UnN Liwk PRINTEK

wielie (607210 NDATR,MMUDE,IWMODE ) LA NENSY ) STERN,STERP, TBAK
wrllk (6,722) APEK)FidAX,FrEU, BNV
axllt (6,723) LAIN)EMEMS, U
wRIlE (6,729) MFILEC(L),MELILE(R) ) mFILELS)
nrilk (6,724) JFILEC(L)
721 PURMAT (L™ 4UAZa /770 1% " ("ol ™o "olle™) MUDRY,//701X,840A2,/77/
3" AVERAGED PELRIUDOGRAM SPECTWAI®,/,1X
1,19, " SAMPLES TAREN =» NUKMALLIZGU STATISTICAL ERRUKS s",Fu,2,"/"
Crb8eel ) X Fl.1," SEC, AVERALLING 1IME",/)

722 FUKMAT (11X, "SAMPLE LENGTIMHI®,F20aDs™ SBL"y /711X, "MAKIMUM FREUUENCYS
1*)Fll,0," HZ" )/, 11X, "MAXIMUM SPECINAL KESULUTIUNS®pF9,2," HL",/,
SL1X,"PLUT EWUIVALENT BANUWIUTHE®, P6.1," HL™,/)

728 PUKMAT(™ 88K 2010 AMPLIFIER YMETEN 2eNO'3",FS.3," DB™e/," RoM.8, V
TULITAGE UF AVERALEYU PRESSUNRE_SIGNALI",F6.2," VOLTS8®,/," Fuk SKL UFS
e"sFoede™ LB",//)

729 PURMAI(® DATA SUUKCES: FILES",14,",%14," ANV, 14)

724 PUKRMAL(™ UA)A STUKRAGES 'BIPE TAPE' FILE #",14,7," SOURCE PROGKAM
1t riree (321271)%)

wRIVE (6,7e9) JFILECI,
725 FURMAT ("1",29%,"FIiE ®",14,/" )4 (4aX,"FKREY, 08 *))
nelle (0,728) ’
728 PUKRMAT (" ")
uU 726 LXxz32,8%
Ix1 3 LXx ¢ 5%
I1xe = 1X} ¢ 9%
Ix3d = 1x2 ¢ 99
726 nwrlIlE (o,727) FRU(IX),YDOB(LIX),FRUCIXY),,YOBLIXL),FRALIX2),
MUs(1xe),FrRUCIX3), YDBLLIXS)
727 FURMAT (" ", 4 (4X,FS,0,3X0F5.1))
wKile (6,727) FRUCBO),YOB(bO),FRU(141),YUB(141),FRUC19G),
sYus(ive)

ULSPLAY SPECTRA ANU LIST UN TERMINAL JF DLESIKED,

CALL DSPLY(1,2,V)
nikalE (1,730) MMUDE,NMUDE
730 PUKMAL (/77" (", 11,™0"s11,") MOULE PhAS BEEN CALCULATED®/
3" 1P '1' LIF LISTING 19 OESIRED UN TERMINAL,"/
3" UlHekniSE TYPE '=1', ")
NEAU ‘1,%) L1SI
CALL USPLY(=1,0,0)
1F (LIdT.tue=l) GU TO 735
aRIIE (1,736)
736 FUKMAT ("u™,a(4x,"FREQ, o8 ®)7)
Uu 737 1x332,85
Irl 3 1K ¢ 99
ke 8 Ix) ¢ 5%
Ih3s 2 a2 ¢ 5%
787 wrilbt (1o738) FRGCIX)YOBCIX) ,FHU(IN1),YUB(IXL)FNO(IX2),
SYUB(LRE)FRUCINS),YOBIINS)
738 PURMAT (" P, a(4X,F5.001X)F5,1))
whilb (1,758) FNU(BL),YOb(80),PRUCI4L),YOB(L41),FRUCLITG),
AYUBL190)
735 Cunlinuk
WRITE (1,739)
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&

731
732
735
734

60
1009

FOUNMAT (//" TYPE '3' TO STURE UUTPUT ON MAG TAPE,"/
$" UTHERWNISE 1YPE Selt®)

KEAU (1,%) STUNe

IF(STUNEBU,=1) GU TO 69

LURLINFURMATION ON MAG TAPE,

NFILE = JFILE(L) = NFILE

IF(NFILELLEL0) NFILE = NFLILE = §

CALL PTAPE(E,NEFLILE,O) . '

NeALE = JFELE(L)

WRiTe (8,731) NUATE

nlle (8,732) 1A

wielbe (0 152) JFILECL) o NBLivS o NENOB ) MMUDE o NMUVE .
wRilE (8,7383) APERyFMAX,FREU,STENK, S IERP
WRITE (8,/738) EMRMS, D, GAIN, BN, [BAR
wrlTE (8,734)

FURMAT (40AR)

FUKRMAY (3120,211)

FURMAT (SRRULT)

FURMAT (" 1h1S RECORD INTENTIOUNALLY LEFT BLANK®) . . . .

CALL EXEC(2,8,AMIRE,2048).
CALL BxEC(2s8,ALPLT,512)

EnD FILE &

END FILE @

CALL PTAPE(8,-3,0)
CUNTINVE

CUNTINUE

REwInU 8

Stop

END

LIST ENU #ean
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Appendix A2

COMPUTER PROGRAM. FOR ACOUSTIC POWER. ANALYSIS

The computervprogrém PIPES was used to perform the acoustic energy
analysis. PIPE5 is a FORTRAN program written for use with the Hewlett-
Packard UP-2100A computer.

The computer program first reads-the acoustic pressure.frequency
spectra of the (0,0), (1,0) and (2,0) modes from magnetic tape.
These spectra had previously been obtained using the instantaneous mode
separation technique and.computer program PIPE. . The required fluid dy-
namic information (Pamb"To’ Mi and-"ﬁ) and an estimate for the level
of the (1,0) mode at 6 KHz were input through the terminal. The
program then calculated the necessary fluld dynamic parameters and modi-
fied the pressure spectra to eliminate the influence of the (0,1) mode

and approximately separate the (1,0) and (3,0) modes. The modal

acoustic power spectra were calculated using the physical energy weighting

function and a slug flow approximation to the mean flow. The acoustic
power spectra of the (0,0), (1,0), (2,0) and (3,0) modes were then
displayed sequentially on the oscilloscope plotter. The spectra and

integrated results were stored.on.a.floppy disk and listed on the line

printer.

139




FIN,L
PRULKAM PIPES
1/¢8/77

Ee RENSCHEN

InlS PRUGKAM CUNVERTS_MUDAL PRESSURE SPECIKA. TQ
MUUAL PUNENR SPRECTRA: CALCULAIES MUDAL Puntn.

PARAMETERS ANU PLYTS RESULTY UN._THE USCILLUSCUPE
PLUTTER

SUURCE. SPECTINA MUST MAVE BEEN. PREVIOUSLY LETENMINED & STORED UN
'PUIPt TAPE'! BY SUURCE PNUGRAMS.FIPE (273711)

OOOOOOOCOOCOOO

CUMMUN ALPLT(aSb)oIPtx(SJUQ);Il'(&bb)o?bﬂ&ik&)o
SA(ébb.HJ.POn(eSb,al,Fnuleﬁb).AMILn.AMACH.PSIUuﬁo
avavLuu,Pnsuu(a),sv;ux,Pntouu.PlPLuu.anLuu,POauaLA).

SEFFL b FIPLIEFFPLLEFF(4) _

UthNbLUN~NuAILlRU).lA(QU).IDATL(HO)oLINh(!U)oﬂFILE(!)L
603&3).GA1N(3).ANU(QJ'ALNI(QJ.PNSINT(ﬂ)oVUNINf(G)mu
SPCR(GIFLU(3) ) ¥RESS(7) o PUNS(T),EF(T) 4 LFF(3)

EWULVALENCE (FLO(}).AMI);(Pkt&S(l).PSIUDB)n(POHS(&).PNIODB).
S(EF (1) ,EFFT)

OATA LULSLZ2HR /,XFF(3)/s2H ¢ 1

CALL EXEC(23,1018C,4)

nR1IlE (31,4) i
& FUNMAT (//" INPUT THE DATE") .
READ (3,9) NUATE
9 PURMAT (40A2).
LERK =
KeniNU o :
Wk ikt s ) . J
13 welle (1,1v) i
1V PUNMAT (/77" PURER FLUW CALCULATLIUN"// [YPE IN®
1o" SuurLE 'PIPE TAPE' FLLE NUMBERS FUR (040)4(1,0)"/
2% AU t2,u) MULES",/," telt TQ STUPH) ’
KeAull, ) MFlLt(t).MFlLE(e)'MFlLEtSJ !
IF (MFLLE(L) 4L ,4) GO TU 1vou
nkilk (1,11)
11 PURMAT ("IYPE IN FILE NUMBER FUK STURAGE UN FLUPPY, IE, YEFuL)
NEAV L1,7) LEFEL),IFF(R) ..
T FURMAL (2A2)

REAU UATA FRUM MAG-TAPE,

(2 X o 2]

LU 12 I=1,3 , .

NELLE ® MEILE(D) = NFjLR "

AP ANFILELLELU) NFLLE & NFILE = §

CALL FIAPRLO,NFILE,u)

REAL (8,15 lvalt )

KEAU (bB,1%9)0A

KEAU (0410) 1P ILE,)NBINS . NENSY, MMOUE , NMUDE

REAU LU)20) APER)FMAX,FREW,BTERR, STENP

REAV (by1O)EMRME, LBLL) GAINCE) oMU, TUAK
1Y PURMAT (4UAg) . i
16 FurmAl (Siev,ely) '
18 FURHAT(DE20,7)
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00

o OoOn0n

(e Ee N rR 2

OO0

[z XX sRe X x]

CALL FLAPELBIV,2)
CALL EAELLL 8 ALPLT,512)
DU S0 IXx31.,250

30 ACLR, 1) & ALPLTLIX)

CHECR InAT PRUPER DATA HAS BEEN KEAD N
NFILE & LriLE
b AMFILECL) bW AFILE) GO TU S0

TnlS BNANCH ENTERED UNLY IF DATA ERRUR DETECTED

4S nilTE (1,47) MFILE(])

QL PUKMAT(//"UATA EKKUR DETECTED IN READING FILE #%,14)
IEKK = 1

NUKMAL PXOGKAM CONTINUATIUN
wRITE UUT DUCUMENTATION.

SO wellE(),91) F1LE, JUATE,2A,0UB(])
91 PURMAT(//"ELILE A", 18,7,40A2,7,40A2,/,"SPL 3%, F6,2," DB")

IF(1ERRGEUL1) GU YU L0V
1¢ CUN11NhUE

THIS IS A TEMPUKARY FIX TU CURKECT ERROK IN INRUT OF .
FILE NuMBEN 179 . )

IF(MFILE(L) NEL179) GO TU 42
LU 4 Ix=l,256
4V ACLXp1)3A0ER,1)7100,0
we CUnTInue
CALCULATE NECESSARY FLUID PRUPERTIES

APUN CUNTAINS CUNVERSIONS 10 GAVE THE ACOUSTIC PUWER

KELATIVE TU 10t=32 WATTS, FLUWPUN GIVES THE FLOW
PuneR In wAllS,

wRilIE(1,5%)

55 FURMAT(*INPUT VALUES UF PAMB, TEMP,AML,n ANU SPL ESTIMATEY/

2" FUN (1,uU) MUUL AT oKHZ")
NEAD (1,n) PAMD, T, AM],u,8PLUL
TIstl ¢ 499,00/01.0 ¢ 0,20AM)n2)
Al24Y,02aSLRT(T])
Uid 2 (AM[®Al)nn?
PUN 8 Jlo.,b4b%(n=y,0})
P = (PAMB ¢ PUN)INFU.TR9 $—
KnU & P/(53,3850(] ¢ 4hv9,0))
AU & A9,02o25uki(l ¢ 45%,06)
FLPUN 3 WRULZ/4T.489
HLERU & Y,1094 .
APUN & 25, 8%8x (R2ZEROUwR2) /7 (RHURAV)
VU 3 N/ (RKUR3, 141beRZERDARE)
AMACH 3 UUN/ZAU

CALLULATE PAKAMEYERS NECESSARY FUR GETENMINATION
UF MUUAL SPECINA,

ANU(L)E U,0
AINTCL) B 1,0
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OO0O00O0O0O0

OO0

oOnDeO

35

60
65

ob

T

7%

bo

89
Yo

vy

110

Anu(e) = §,841
AINT(2) =2-¢,705

ANULS) 5 5,054

ALNILS) = u,5T1

ANU(4) = 4,201

AINIC4) = 4,4900

QU 35 (81,4
ELN\IJ:Aunsqu(1.0-AMAcnaia)nANU(lJ/(b.EGSQRzENOJ
VU oy I=1,4

WU 60 Ix=1,2586

PUNCIX, 1) 2 0,0

UL oy Las32,250
fRu(lx)=6000.on(IX-251/225.0

MODIFY PRESSUKE SPECTINA TOQ APPRUXEMAIELY SEPARATE (0:1)
Anu (3,0) .myues

PLU s (A(lﬁbulJ’A(lﬁlo13"(15591)0‘4109'1))/“.0
PUU = lA(Zub.l)oA(Eob.IIAA(aalpl)«A(EU&;l))/O.n
PLUUBZ1U,UusALUGT(PLO)

PUUUBZ10,0%ALUGT (PUD)

VU 68 Ixs199,2v8

ACIx, 1) =1u.uwa(((PUUUh-PLuou)n(1xgxqo)/ga.o * PLUDH)/10.0)_ . . .

VLU 10 Ix=l.25%6

ALLA,s4) = A(IX,2)

PLl = (‘(601reJ0#(20202)’&(20302’0‘(20“12))/“oo
PLIVBELY,URALUGI (PLL)

Vo /5 IXx 3 2¢9,2%0

Af{lx,2) = 10022 (((SPLUL = FL108) e (1x=205) /45,0 ¢ PLIDB)Z10,0)

CALCULATE PURER SPECTRA,

U YU I=1,4

VU Yu Ixs3¢,250

IF (FRU(IX)=FCKR(1)) 89,89,88

LAMMA 2 b,e83aN2ERUNFRUW(LIX)/ZAQ )

ARAY = (mAMACH ¢ SURT(1,0 = {10 = AMACH®R22)a (ANU(L)/

QLAMNA)R%2)) /(1,0 = AMACHan2)

PUnilxsl) 2 ACLX,L)N(AMACH ¢ ARAY/Z (1,02 ARAYY -

SAMACH) ) nAINT (1) nAPUN

U U 9¢
Aliro1)30,0
cunt fnue

INVEGMATE PKESSURE AND PUmEN SPECTRA,

POPLN & 4,0

PHPL 2 0,0

VLU 1UV Ix234,102

POPLN & FOPLN ¢ ALIX,1)n26.6867

PRPLN 2 PabLN ¢ PONLIN, 1) %26,0607

VU 11V L1sl,4

PNOINT(L) & g,¢

PUNINTI()) = 9,0

LU 110 Lx332,2%0

PRIINT(I) = PROINTLI) A(lel)ﬂah.bb1
PUNINT (L) = PORINT(L) POR(IXN;1)n26,607
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oOCcCconoOoOn (s N oY o Ko}

EEPFL S ParLi/(FLEUN G unal2)
LU lev Is1,4
128v EFFLL) 3 PURINTLI)Z(FLPUNRLQ, 00 nE2)
tEP L = BFF(1) ¢ BPE(2) « BEF(S) ¢ PP (W)
POPLUD 3 JO,U2ALUGT (PSPLN)
PorlUt 2 10,UrALUGT (FPaPLiv) .
VU 130 1s1,4
PROUB(L) = 10,0nALUGT(PRSINI(L))
130 PUnUB(L) & 10 URALUGT (PUNINILL))
PROIUL 3 PNSINI(L) ¢ PRSINT(2) ¢ PRSINT(3)¢PRSINT(4)
PURTUT = POUNINT(L) + PONINT(Q) ¢ PORINT(3)*PONINT(4)
ESluvl 2 10,UsALULT (PRSIUT)
Friull 3 10,UrALUGT(PORTUT)
PRiUPL 2 PRSTUT#APORAR (), 0¢ARACH)
PTPLLE 2 LU, UeALUGT (PHTUPL)
EFEFIPL & PRIUPL/Z(FLPUN®10,0ne12)

NUW PLUT SPECTRA UN OSCILLUSCUPE PLUTIEN
L0 700 I31,4

St1 UP SCUPE 'GRAPH PAPER!? ,
MURLLUNTAL AXKIS 15 FREWUENCY PLUTTRU LINEAKRLY (. 0 TO 6000 MZ )
VENTLCAL AXID IS PUnEN SPECTKAL LENSITY PLUTTED LUGARITHMICALLY,

FINU mAXIMUM SIGNAL AND SCALE GNAPM ACCURDINGLY.

PUNMX = PUw(32,1)

VU Suv Jss8,¢50

Ir tPUNLJI, L)), PUNMX) PUSMX 8 PUN(J,d)
S0 Cuniinue

VBMAR = JunALUGT (POWMX)

MOLALE 2 (INF(UBMAX)/Z10)%10 ¢ 190. _.

NLALIN 2 MSCALE = 2¢

6v0 YUALIN = SH,0
CALL SETUPLL,EPTI(1),IPTI(3300),3300458TA)
CALL RAXIS(£9,259,¢4+¢0)
CALL XARIS(d9:299,25295)
CALL YAXLSteah,e0s259,2)
CALL YAXLS(29%,20,2%%,¢)
VU olv L=},9
A3 Sel
LYLIC 2 154, enadaYGALN
CALL XAXIS(2bs2Y,1,1Y11C)
61U CALL MAXLIS(25¢+2540102YT71C)
Uu B1S L3t,0
ix = eh, ¢ 3705'L
CALL YARISULEX)2U,25,1)
CALL YAXLIS(LIX,252,294s1))
CALL Cuubt _ :
nellt(LInE,0t@) L
012 FURMAT (1Y)
In 2 ) = & ;
CALL STLIN(IX,8,LINE,=1)
615 Cunlinug
cAaLl Cult
nkatE(LInk,021)
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621. FUKMAL (*LB") .

CALL STLIN(B,249,LINE,=2)
DU oeh LEl,S

W 2 NALN ¢ (L=3)n}0

M s 129, ¢ (L=3)alUunYGAIN
CAaLL Cubk

neile(LingE,024) N

624 PURMAIL(LS)

625 CALL SILIN(3.M,LINE,=3)
caLL. Cupk
ntlbALLlvg,628).

028 FUurMA) (*AHZM)

CALL STLIN(148,2,LINE,=3)
MeEMUY = [e}
CALL COLE
nrlTE (LInk,b29) MEMOD

629 FURMAL (™"(",11,%,0) MUDE POmEK"™)
CALL STLIN(HV,240,LINE,=~18)

NUn PLUT [HE SPECTNUM

anon

UU adu lasi,e%6
Tusilx) s ¢,
64U LlTLIX) 3 0
UU odu [X332,25%0 ]
XP\PUﬁ“l'I).Lt.l.UE'IU) Gu TU [1-1}}
YOUCIX) = JuarALUGT(PUNCIX,1))
LY 2 15¢. ¢ YOAIN=(YDB(lX)=NGALN)
I (1Y.LT,20) WU TU 880
CALL 19VPWLLIK,LY)
LavY(Lix) = 1Y
640 LCUNIInut
c
c NUN AUD PSEVVU=CUNNECTING LINES SO SPECTHA PLOT APPEARS CNANTINUOUS
¢
69V UU 695 LIx235,¢e4y
LYML 2 11YUIA) = |}
IF (LYMYLT,20) GO TO 695
18 3 MINO(LIY(Ar=3), o kIVCine}))
It LIB.Ll,2u) lbsev
P (IB,uE,1YM]) GU TU 09
CALL YAXLIS(LX,IB,LlYM1,e)
69Y% CuUnllinue
C
WRATE (1.0 680) MEMUD
696 FUNMAL (/7" (", 11o"¢0) MULE HAYS BEEN CALCULAIED®,/,
€™ 1YPFE A V3% 1U CUNTINUE,").
CALL USPLY(140,0)
KtAULLl,%) LICNI
CALL USKFLY(=1,0,0)
100 Cuntinue
c
c L1591 UUIPUT ON LINE PRINIER,
[
WLk (0, 1695)
1695 PURMAT(™1",//,25%," MOUAL PUWER ANALY3LS®)
nRATE(D, 3 7VV) wWUATE,]A
\ 1700 PURMAT L/, 0GN,40R2, 7/, 18X, 40A2,/)
~ ARLIE(6,17UD) AML,n, AMACH
1705 FUNMAT(20K," INDICATED MACH NUMHBERS " FB,3:/0
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noOOO0

[ 2B 2]

¢elr,” FLUW RATE $ "orbel,™  LBM/SELY,/,
3¢1a," MEAN FLON MACH NUMBLERS W1 YV XD
nrkit(o,1710) PSTOUY,PSRLLY, (PROULLL), 131,4),8PLUY
1710 PURMAT (39X, ™ TOTAL ACOUSTIC PRESSUNRE 3 ",P8,2," OB,/
119X, % ACUUSLIC KRES,(200=210uhl)i™bb.2," V8%, 7/,
elon,™ (U,U) MUUE ACULSIILC PRES, ™, FB.2,"% Vdte/e
318" (1,0) MUVE ACUUSTIC. PRES, 3" FBe.2y™ DB",/y.
q18%,"* (2s.0) MUDE ACUUSTIC PRES, 3™ FB.2," UB%/,
5188,%  (3,0) MUVE ACOUSTIC PRES. 3™ Fbee,* DB"4/,
olox," (1,0) MULE SPL EST AV OKHII®,E8.2,% UB%./)
ARLITE(6,1715) PuTOLE,PTRLUL, PRRLLb, (PUNVB(I1),128)4)
1719 PUKRMAT(39X,* [TUTAL ACUUSTIIC BUNER = ®,/,
119X%," EXACTS .'QF“on" DID“./.
219K, " PLANE WAVE ASSUMRluNnS fobB8e2e™ DU/,
19X, ACUUSLIC PUWEN(2uu=giuunl) i, FB.e,® 08",/
“19;." (U‘_O) muLe ACOUSTLC PUnhk...S"‘..FG.E"—Dﬂ"’p/'
519X,"  (1,U) MUUE ACUUSTIC PUnkk- 3™ Fo.2¢™ LB% 7/,
619%™  (2,0) MUDE ACUUSHIC. PURER 3%,F8,2," 0LB™/,
719X,  (3,v) MUUE ACUUSTIC PUNER 3",Fua.ey® 0Ob",7)
WRLIE(O, 1720)EFFT1,eFFTPLEFFPL
3720 PuURIAT(L9K,* UVENALL EFFLICLIENCY =%/,
125X, "LxACT S "ebllede/y
CeSh, "PLANL WAVE ASSUMPTIUNI. ",bl).4e/
Se3x," EFFLCIENCY(200=2100hL)3™,E10,.4)
VU 17¢b [3],4
1ys3})=1
wRllein,3/e9) 19,eFF(])
1729 FURMAT(288," (",11,",0) MUUE BFFICLENCYS®,511.4)
1726 Cunsilnutk
WRLiELB,1730)(MPILECLE) 18,3),ClbPP(L)y131,8)
1730 FURMAY(/Z,32X," DATA SUURCES PLIPt TAPE FILES *,I13,
17,135, ANU ", 13,7,
2l2xs" UATA STUKAGES FLUPPY DISC FILE *,3A2./,
412%," SUURCE PRUGNAM & PIPES (7728/77)%)

SIukt INFURMATIUN ON FLUPPY ULSC FUR LATER
NElUKN TU RMAG TAPE,

CALL oOFEN

CALL UnNil(NUATE,4U,1FL)
CaLl Uenll( JA, 4y lFL) ..
CALL-UNNLITLPLU, 6slFL)
CALL UnKLI(PrESDL4, kL)
CALL DARLI(PORS, 14,1rL).
CALL UNKLTL BRye 14,1FL)
CaLl URRLIT(A, Q2048,IFL)
CALL ULanIT(PUW, 2048, LFL)
CALL UnnIT(MFILE, 3,1FL)
CALL UWnRLIT(JFILE, 4y IFL)
CALL DULUB(1FF,¢),1FL)

6u 10 18

1000 CUNILINUE
CALL EAEC(23,1018C,1)
KENIND &
stup
LN
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Appendix A3

MODAL PRESSURE AND POWER SPECTRA......

This appendix contains the modal pressure. and power spectra at all
experimental conditions.for which data were obtained. The spectra have
been normalized to a bandwidth of 1 Hz (after being averaged over a
31.6 Hz bandwidth), as discussed in Chapter 3.

The following symbols were used in plotting the modal pressure
spectra:

(0,0) Mode: —e—

(0]

(1,0) Mode:

(2,0) Mode: ————ggemem
The following symbols were used in plotting the modal power spectra:
(0,0) Mode: -o————0—

(1,0) Mode:

(2,0) Mode:

(3,0) Mode: ~—g—————fifimem
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o8 PRESSURE SPECTRA
T T T T T
1o - -

100

70

°F,

70

e | -

or 1 . —r Lij 1 1..1

1 2 s 4 $ s nne
d
D

Fig. A3-1. 12.7 mm diameter orifice (
Mi = 1,24, fr = 8,25,

= 0.131),
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PRESSUNE SPECTRA
n. 1 1 |
100 -
"
0 r 3
o0 | -
70 3 -
wl]
1. 1 1 1 1
1 4 S 4 [ 8
POUER SPECTRAR
D' 1] | [ | ] i
'o -l
n F
60 | -
s0 b -
9 F § L 1 4 I—L
1 2 3 4 1 [ ]
Fig. A3-2. 12.7 mm diameter orifice (% = 0.131),

Mi = 1.08,

fr = 7.42,
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PAESSURE SPECTAA
T ! T 1 ! T

100

80 I~

>
”
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>
[

40
d ] b i L)
3 4 L] s

-

4
Fig. A3-3. 12.7 mm diameter orifice (% = 0.131),
M, = 0.918, £ = 6.48.
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o8 PRESSUNE SPECTAR

w F T ! 1 T 1 l-
vy

I -

0 r .

8 r =

5o i ! J A 1 M_ 1 i L

1 2 - 4 -] 8 KHE
PRUER SPECTAA

08 ] ] L 1 | ]
0 rF -1
.a =3 -
50 [ -
‘o b -
0 r

] £ 1 2 1

1 4 | 4 S s [,17] 4

Fig. A3-4. 12.7 mm diameter orifice (% = 0,131),
Mi = 0,752, fr = 5,44,
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0

S0

40

S0

40

PRESSURE SPECTAA

L ¥ \ 1

1 1
1 2 s ‘ 5 6 Mz
POMER SPECTAA
i L} 1 | L 1
q
q
I8 1 1 1 1 l-
1 2 ) . 5 5 nne

Fig. A3-5. 12.7 mm diameter orifice (% = 0.131),

Mi =

0.499, f£_= 3.72.
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PRESSURE SPECTAA
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60 |-

[ o

Al

PONER SPECTRA

70

1

Figo A3"6 .

2 3 4

19.0 mm diameter orifice
Mi = 1,07, fr 4,94,
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08 , PRESSURE SPECTAN
SN ..A..._..l

! T T =T T
110 -
1001~ -
80
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nr A 1 1 JL 1 ]

1 2 s 4 5 6 KNz
PONER SFECTAR
os T 1 T Y
80
70

40
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t 2 9 4 $ RHE_

Fig. A3-7. 19.0 mm diameter orifice (% = 0.196),
M, = 0.918, £ = 4.33,
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PRESSURE SPECTA
os. i

L) | SO e ——— T

100 | '

0

8 r

0 r

1 2 3 4 s 6 KHZ

1 1 L g . f L

1 2 3 - 4 § ¢ N2

Fig. A3-8. 19.0 mn diameter orifice (% = 0.196),
My = 0.755, £ = 3,65,
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PRESSUNE SPECTAR
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*
:L i |l 1 1 N
PONER SPECTAR
T T T T T T
C 1 1 1 * 1 J-
t 4 9 4 S [}
Fig. A3-9., 19.0 mm diameter orifice (% =—0,196),
Mi = 0,492, f_ = 2,45,
r
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PRESSURE SPECTAR
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Fig. A3-10. 19.0 m diameter orifice (5 = 0.196),
M, = 0.393, f, = 1.97.
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' o8 PRESSURE SPECTAR
¢ 1 T p—— ] 1)

100 [* N
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% r 7
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POMEN SPECTAR
o8 T I ] ¥ ) i
8 I “
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e A

40 1
1 11- § . 4‘* 1.
1 2 -] 4 S ] KNE
Fig. A3-11, 31.8 mm diameter orifice (5 = 0.327),

M, = 0.500, f_=1.49.
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POWER SPECTAR
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40
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Fig. A3-12, 31.8 mm diameter orifice (% = 0.327),
Mi = 0,397, fr = 1,19,
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Fig. A3-13. 31.8 mm diameter orifice (5 = 0.327),
M, = 0.277, f_ = 0.841,
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o8 PRESSURE SPECTAA
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Fig. A3-15. 50.8 mnm diameter orifice (% = 0.523),

Mi = 0.225, fr = 0.428.
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Fig . A3"'16 .

50,8 mm diameter orifice (% = 0,523),
Mi = (0,187, fr = (0,356.
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50.8 mm diameter orifice (% = (0,523),
Mi = 0,150, fr = 0,287,
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PAESSUNE sPeECTAR
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POHER SPECTRR
1 1

10 =

Fis. A3"‘18 .

50.8 mm diameter orifice
Mi = 0.101, fr = 0,184,
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Fig. A3-19. 3.18 mm diameter nozzle (% = 0,0327),
M, = 1.00, f.= 28.0.
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Fig. A3-20. 3.18 mm diameter nozzle (
Mi = 0.750, f = 21.8.

= 0,0327),
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Fig. A3-21., 3.18 mm diameter nozzle (% = 0,0327),
M, = 0.500, £, = 15.0.
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Fig. A3-22. 16.2 mm diameter nozzle (% = 0.167),
M, = 1.12, f_ = 5.98,
Lt/d = ],
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Fig. A3-24. 16.2 mm diameter nozzle (% = 0,167),
M1 = 0,752, fr = 4,27,
Lt/d =1,
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16.2 mm diameter nczzle (
M, = 0.500, fr = 2,92,
Lt/d = 1,

Fig. A3-25.
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Figl A3-26 .
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16.2 mm diameter nozzle (% = 0,167),
Mi = 0,394, fr = 2,32,
Lt/d = 1,
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Fig. A3-27. 16.2 mm diameter long nozzle (% = 0,167)
Mi = 1,16, fr = 6,19,
L../d = 8.
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Fig. A43-28. 16.2 mm diameter long nozzle (% = 0,167),
Mi = 0,926, fr = 5,12, .
L /d = 8. ‘
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Fig. A3-29. 16.2 mm diameter long nozzle (% = 0.167),
M, = 0.926, f. = 5.12,
Li/d = 8.
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Fig. A3-30. 16.2 mm diametet long nozzle (% = 0.167),
Mi = 0.501’ fr = 2.93’
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Fig. A3-31. 16.2 mm diameter long nozzle (% = 0,167),
Mi = (.398, fr = 2,35,
Lt/d = 8,
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Fig. A3-32. Background noise measured with no restric-
tion in the pipe. m = 0.249 lbm/sec.
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Fig. A3-33. Background noise measured with no restric-
tion in the pipe. m = 0,174 lbm/sec.
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Background noise measured with no restric-
tion in the pipe. m = 0.124 1lbm/sec.
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Appendix A4

TABULATED EXPERTMENTAL RESULTS
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Table A4.1

12,7 mm Oritice (g = 0.131)

M, .499 .752 .918 1.08 1.24
U, (ft/sec) 554 807 964 1103 1229
m (1bm/sec) .0368 .0615 .0818 .106 134
Re = U d/n, 1.53<10° | 2.49x10° [3.19+10° [3.98x10° 4.83210°
Po upstream (in. Hg) 35.77 44,32 52.72 63.97 78.57
T, (°F) 780 7% 770 77° 75°
fo= U/a d 3.72 5.44 6.48 7.42 8.25
Acoustic Pressure (db)
Total: 110.9 124.1 130.9 136.8 141.7
200-2100 Hz: 106.0 i 118.2 124.2 129.4 133.7
(0,0) Mode: 107.9 | 121.5 128.2 133.9 138.5
(1,0) Mode: 105.6 } 118.3 125.0 131.2 136.3
(2.0) Mode: 103.2 g 115.4 121.9 127.6 132.5
(3,0) Mode: 97.1 112.1 119.7 126.7 131.9
Acoustic Efficiency !
Total: 2.53x107% 1, 5651073 3.92+107° [8.89%107 | 1. 6981074
Plane Wave Assumptiond3.73x107°(2,18x107]5.42%10">|1.25x10"% 2,39.107%
200-2100-Hz: 1.205107%1 5,50107%] 1. 162103 | 2. 25x1075 1.793107°
(0,0) Mode: 1.86~107° 1.18%107]2.94x10"%}6. 33%107% | 1. 16~10"%
(1,0) Mode: 4.80x1077| 2, 76207 7. 13v 1070 1. 8o~10"5] 3. 87 <105
(2,0) Mode: 1.63x107 7| 7.96%1077 ] 1.88x100 4. 31x10"0| 8. §7+10"0
(3,0) Mode: 2.90x10'8]2.61w10'7 8.05x107 712,35 107"4.95 1070




Table A4,2

19.0 mm Orifice (3 = 0.190)

M, .393 L4692 . 755 918 1.07
;Fi (re/sec) 439 547 814 966 1100
0 (Lhm/sec) L0645 .0830 143 191 252
Exv e ld /g 1.79510” [2.30n10% |3.82x10" 4.95v10" 6.23x10°
5pn upstroam (in. Hy) 33,97 36.32 145,72 | s54.82 66.77
TR 78° 79° 79° 79° 78°
f= Un/a 1.97 2.45 3.65 4.33 4.94
; .‘\V\“U.llﬁ-t i L'_ ,.p.'}':“':q_‘,' ,r..(:.‘.(.k !.B .)-
fwu:al: 110.0 117.3 131.5 138, 0 Lad. 4
' 200-2100 Ha: 106.8 113.6 126.7 132, 137.6
(0.0 Mode: 107.5 114.6 § 128.9 135. 1 141.5
C(1,0) Mode: 104. 4 111.6 f 125.3 132.8 138, 6
C(2,0) Modes 101.4 109.0 | 123.2 129, 7 135.8
é(x.o) Mode : 95,7 104.1 119.2 127.3 133.9
R
; Acoustic Efffciency
flurll 1.943107°(5.06: 107013, 52010759, 57410~ 2.024107
flldnv Wave Assumpt fon: |2, 7441070 7.23x10‘°§4.92x10"5 13231074 2, 84n 107
i’OU-‘lOO i | 1.30n107 3.09\10'°§1.61x10'5 3.408107[ 5, 885107
(0.0 Moue: 1530070 13.920107 2, 710107 7. 1731079 1. e 107
;(l M Mode: ;4 0051077 8. 11210 7j5.74x10‘° L.775107 4. 018107
L0000 Modes l 131070 126881077 118681070 4. 5401070 1 1 11 0=

(L0 Mode: Jl.8OXIO-8 0.19\10'845.20\10‘7 I.7b\lniiJ4.7é\10_h
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Mi

Uy (ft/sed)
m (1bm/sec)

Re = ﬂivid/lli

Pn upstream (in. Hy)

T, (°F)

[}

o
t.=Un/ad

Table A4,

Avoustic Pressure (dB)

Total:
200-2100 Hes
(0,0) Mode:
(1,0) Made:
(2,0) Mode:

(3,0) Mode:

e e e e

Avppﬁijfljifrgﬁjfjgjg

Total:

Plane Wave Assumpt ion:

200-2100 He:
(0,0) Mode:
(1,0) Mode:
(2,0) Mode:

(3,0 Mode:

31.8 mm Odfice gg =
.149i‘ ! .27}J
169.4 % 312
L0657 1 127

!1.10\105 :2.19\105
30.88 i 33.33
78° ; 76°
| 0.455 % 0.841
|
f
E 86.9 106.0
: 85.9 104.3
§ 86.0 104, 5
: 77.2 f 98.4
' 73.8 95,4
}70.3 ' 90.06

i
|

8

7.05%10°

P8, 7221077 1.07x10

6.96%10"% 7. 24810"

8

'7.17x10‘
-9 | -
3.43%1077 '0.84x10

ARENTUREFRENT

0.327)
1 397 ! . 500
442 1 553
!
192 f L 257
3.2:810" {4.248107 |
36.01 i 39,23 |
280 740
b 1.9 49
; ———m— -o.‘_._._..,_-_“T..._._-*‘..‘4
! :
S §
T 125.5
L 115,55 122.8 ;
E 115.9 123.3 ]
1.0 118.9
| 108.7 116.6
,
L1042 112.9

8. 5681077
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Table A4L4

50.8 mm Orifice (3 = (.523)
M; 101 ‘iA.iSB;“:{..Je}» 225
UL (fe/see) 109 170 212 254
m (Ibm/sec) 122 .191 .247 . 306
Re = p U d/u, 1.24x10° [1.92x10% {2.43x10° |3.06x10°
P“ upstream (in. Hg) 33.29 33.38 34.31 35.61
T, (°F) 750 76° 79° 76°
fp = U,D/ad 0.184 | 0.287 | 035 | 0.428
Acoustic Pressure (dB)
Total: 87.9 95.9 | 101.1 106.2
200-2100 Hz: 87.3 95.4 100. 2 105.1
(0,0) Mode: 87.4 95.4 | 100.3 | 105.3
(1,0) Mode: 74.0 84.0 91.2 97.3
(2,0) Mode: /3.1 80.1 86.8 92.9
(3,0) Mode: 72.2 77.9 84. 3 90.6
Accoustic Efficiency
Total: 1.16x1077 [2.10x1077 [3.21x1077 |5. 61x10~7
Plane Wave Assumption: [1.25x1077 |2.27x1077 [3.63%10"7 |6. 54x10~7
200-2100 Hz: 1.11x1077 [2.00x1077 |2.97x1077 {5. 07x10"7
(0,0) Mode: 1.13x1077 2.03x10™7 |3.04x10"7 5. 29x10~7
!(1,0) Mode: 1.90x10™ [5.09x1077 1. 32x1078 2.94x1078
(2,0) Mode: 1.12x10™ [1.51x107? 13.32<107%|7. 31x10™Y
3,0) Mode: 6.59x10 %06, 45%1071%01. 3241072 | 3. 01x10™Y

*
For qualifications of the 50.8 mm orifice data s

of Chapter 3,
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lo.2 mm Nozzle:

"y

vy (rt/sec)

m (1bhm/sed)

Re = pil'id/ui

P . (in.Hg)

O upstream

T, (°F)

%)

t, D/.l d

1=
r

Avoustic Pressure (JdB)

Total:

J00-2100 Haee
(0,0) Mode:
1,0) Mode:
(2,0) Mode:

(3,0) Mode:

T

Table A4S

L , ——
Avoustic Effic dieney
Total:

Plane Wave Assumption:
200-2100 He:

(0,0) Mode:

L. o) Modes

(’y0) Mode:

!
)
[ (1,0) Mode:

Throat Length-to-Diameter Ratio = |}
(g = 0.107)
. 394 500 1L 7en 917 1.12
442 556 813 967 1136
L0741 L0944 .150 .19] .25]
1.55v107 {2.02310% [ 3.20010” | 4208107 [5. 584107
34,30 36.03 45.93 54.93 70.33
§1e 81° 81° 82° 81°
2,32 2.0 4,27 5.07 5.98
e T SU N --——?——-- i B T
t !
! 1
! i
111.0 8.6 & 1320 | 138.4 145.2
: i
107.7 114.9 127.2 . 132.8 138.2
|
108. 3 115.8 129.4  135.8 142.1
104.7 112.4 125.5 ; 132.3 139.6
i
103.5 1.1 124.2 0 129.7 130.6
i
97.1 105.3 119 126.7 134.9
- e e - e m s m . c—-‘J — e — e ,t_‘_ —— e
2,00n107 %5, 641070 3. 708107 5,977107 1 2. 24810~
2.90%1070 3.21\10‘“§5.:1\10",x.sasxo‘“,J.zoxlo““
- i - f - ' - r
L1070 13,55 107 1, 790107 3408 10™ Vb, 31070
1598107 4. 3081070 2 888107 M 6. 808107 fl.ss\lu
2750778577007 5 6an 1070 1 v 10 TP T
Loasio™7 4.2sx10‘7l:.oaxlo'“ 43231070 1. 2081070
Loagn 10”8 oL van 10 fl 5, 2451071 1. 8 10" ls.*o\xn -0
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Table A4.6

1o.2 mm Nozzle: Throat Length-to-Diameter Ratio = 8

n (lbm/sec)
Re = piU{d/ui
Po upstream (in. Hg)

T, (°F)

[A]

fr = UiD/uod

Acoustic Pressure (dB)
Total:

200-2100 Hz:

(0,0) Made:

(1,0 Mode:

(2,0) Mode:

(3.0) Mode:

d
(E = 0.167)

Acoust fe EF Lo Leney
Total:

Plane Wave Assumptfon:
200-2100 Ha:

(0,0 Mode:

(1,0) Mode:

(2,0) Mode:

i hes [ o | e 1oz | ie
445 555 819 972 1172
.0710 08497 1Al . 183 L2538

| sax10® [2.02%10% | 3.33x10% [4.28110” | 5.96x10
34.33 | 36.77 46.27 55,37 74.77
77° 77° 77° 78° 77°
2,35 2,93 4.32 5.12 6.19
110.7 118.0 131.5 138.1 146.0
107.7 114.5 126.8 132.4 138.6
108.2 115.4 128.9 135,09 | 142.8
L04.4 111.8 125,72 132.0 140.4
102.7 110.0 123.3 129,1 137.1
96.0 104.2 119.0 126.7 135.9

1.98~107% 5. 3181070 3415107 8.638107 | 2.508107%

2.78%1070|7.55%107° 476810 1.19%107% 3. 550107"

L aox107812.410107 1.61107 7 |3, 208007 6. 59x107"

1.60\10—6%&.19\10-6 2 pant0” e san107 1 730078

2.05\10_717.81\10'7 5. 3210”011, 54x107 5. 548107

9. 98<10°8 2. 790077 1.89x107 4. 14x207° WAL

-

{1,0) Mode:
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Table A4.7

3.18 mm Nozzle (% = 0.0327)

T PP EEFIREIT TR XTI

[, B T IR A R
U, (ft/sec) 553 807 1037
™ (lbm/sec) .0036 .0054 .0074. _
Re = U d/u, 3.80x10% |5.96x10% |8.45x10%
Py upstrean (10+ HE) 35.21 42.59 54.64
T, (°F)... 74° 76° 76°
f, = UjD/a_d 15.0 21.8- 28.0
Acoustic Pressure (dB)
Total: 87.8 8.7 106.4
200-2100 Hz: 81.4 90.6 97.5
(0,0) Mode: 85.1 96.0 104.0
(1,0) Mode: 82.6 93.4 j 100.6
(2,0) Mode: 78.6 89.4 i 96.9
(3,0) Mode: 73.0 85.9 | 94.0
Acoustic Efficiency |
Totals: 1.37x1o'7‘5.23x10’7§1.41x10f°
Plane Wave Assumption: l.89><10-7 7.23XI0-7I1.90><10-6
200~2100 Hz: 4.36x107801.13x1077 | 2. 46x20"7
(0,0) Mode: 1.02x10”7|3.89x10"7|1.08x10"6
(1,0) Mode: 2.76x1078 1.02x1o'7‘2.40x10'7

| (2,0) Mode: 5.66x1077|2.38x10"86. 08x10™8
(3,0) Mode: 1.38x1077 7.74x10‘9J2.33x10‘8 i
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Appendix A-5S

UNCERTAINTY ANALYSI1S

The cexperimental uncertainties for &, Mi’ Ui’ acoustic pressure,
acoustic power, and acoustic efficiency were determined. The method of
Kline and McClintock (1953) was used, since thismethod is appropriate for
single-sample measurcments....Using this technique, the uncertainty in a
final result R can be obtained from the known values of uncertainty in
all the independent measurandswéx1 by the expression

(& 2)1/2
SR = SR 8x
Sxi i
i=1
In all calculations to follow, odds of (20:1) were assumed for

the éxi and R.

Mass Flow Rate

The mass flow rate, ﬁ, was determined by use of a Meriam laminar

flow meter. The mass flow rate is found by

»
m = K x PCF x TCF x AH —_
where
K = calibration constant for flow meter,
PCF = pressure correction factor,
TCF = temperature correction factor,
A = pressure drop across the meter.

Thus the uncertainty can be expressed by

. 2 2 2 2)1/2
smo_ fysx SPCF STCF /@g)
L I(K) +(PCF)+(TCF)+ i %

K is determined by the instrument manufacturer and is estimated to have

an uncertainty SK/K = +0,5%Z, PCF 1is given by

wo oo (A
PCF = (1 g + P“mb)//29.92



whoere P {s the barometrivc pressure. The uncertainties in these

‘ )
quuntitiiilnru ostimated to be  SAH = v 0.01 in, HQU, GPu“m = +t0.02 in.
Hg., Using a typical value of PCF = 1.0, we have SPCF/PCF = 0.0 7%,
which can be neplected. TCF is given by TCF = (530/T0ut)l'7, where
T is the temperature upstroeam of the meter. This temperature is

wut
measured by a thermocouple and estimated to have an uncertainty of t 2°R.

Tout was nominally room temperaturc. Thus,
. &1
NTCF out .
—prm— ® -~ 1.7 ——— = 0.647
I'CF 7 1
out

AH was measured with a slant-tube manometer and varied over the
range 0.6 to 4,0 in. H,0. The uncertainty in the reading was.
¢+ 0.01 in. H,0. Thus, SAH/AIL  ranped from 1.7% to  0.25%. However,
due to small levels of flow unsteadiness, a minimu. value of SAE/AH =
0.5% was usced.

Using these values, we have

Sm N| T i 2 :

;= (.009)7 + (.0064)" + (.005)" = 0.957 (high rlow rate)
m

\\. P .—;M e — ;..—._‘__._-——

L= NG 005" + (L006a) T + (01T = 19 (how low rate)
m

.
The values of caleulated using the laminar {low meter were coms
pared to values obtained using the pressure drop across the orifices.
The results agreed to within these uncertainty pounds when the orifices

were in the proper ASME-recommended size range 0,15 = ) = 0.75.

M
The indicated Mach number, Mi' wias cialeulated from the measured

pressure ratio /Pi) assuming an fsentropic expansion to the mini-

P
( 01
mum pressure just downst ream of the orifice. POI {s the upstream stag-

gat ion pressure and Pi is the pressure at the orilice vena contracta
(or at the exit plane of the nozzte).  Thus,
-l 12
) p N t/2
2 01
Mi = | P -1
! i
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where vy is the ratio of specific heats (1.4 for alr). Then,

)

M, EQL 1/y 2
Y P, i

The pressure ratio was calculated from measurements of the upstream

stagnation pressure, Pup’ and the pressurc drop across the orifice, Ap.

Then
Por _ _Fam *Pup
p. - P . +P - AP
i amb up
Thus
2 2 1/2
5 (P01) LR ) OB OR ) . (6AP)2
P, " 2 2 P
i (p b + Pamv - AP) (Pup + Pamb)
Then,
2 2 172
Eﬁ}_ _ (AP)(Pup + Pamb) ‘(Gpup) + (GPamb) + SAP 2
M, Pao\L/Y l 2 AP
i 2(°01 _ 2 (p _+P )
M ( Pi) (Pup + Pamb AP) up amb

The uncertainty was calculated for two cases.

a., 31.8 mm orifice, Mi = 0.149

29.76 + 0,02 in. Hg

amb

P = 15.2 % 0.1 in. H,O
up 2
AP = 6.5 + 0.1 in. H,0

2

Evaluating the above expression, we have

GMi
o = 0.78%
i
b. 12,7 mm orifice, Mi = 1,235
= + 2 .
Pamb 29,82 + 0.0 in. Hg
p = 48,75 % 0.2 in. Hg
up
AP = 47.65 % G.2 in, Hg
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Then

—= = 0.46%

These are fairly representative cases. Thus the relative uncer-

tainty of Mi was always less than 17.

U,
2
The indicated velocity is calculated from the perfect gas relation:
\,YR T M,
U, = ART, M, = e 2
i ii 71
l+—2-‘M
Then
SU, 8T \2 T, M, 221/2
A ML e} (i 1
Yy
i 0 o 1
TO was measured using a thermocouple, thus
16T0
'2-‘:170-‘ = 0.0019

GMi/Mi appears to be the largest of low values of Mi' Thus, using

T, 5Mj
‘.r—r = 0.0078
o i
we have
dUi
'B_ = 0.8%
i

Acoustic Pressure

The microphones were calibrated using a B&K pistonphone.  The uncer-

tainty in this calibration technique is less than 0.2 dB SPL.  Now,

—
K

SPL (dB) = 10 h,gm(.,.{)__
Pl

re




} . Thus,
L . — SPL
2 2 10
: p (pref) 10
i and
v’ ——
| ol 10 5o - 4.6
\ — 10 SPL . 6%
| b

Thus the uncertainty in the time-averaged mean square acoustic pressure

was less than 4.6%.

e

Acoustic Power

The acoustic power is calculated by an integration over frequency

of the expression

i ”,= PZ

(EWF)

¢
[C &

where EWF is the energy weighting function discussed in Chapter 4.

The uncertainty in values of the energy weighting function (due to the

slug flow assumption) is less than 2%, and the uncertainty in Py is

negligible. Thus we have

2 2
87 f(aR0) 4 (Y’ 12
» ; ) EWF
P
AL

Acoustic Efficicncy

The acoustic efficiency, n, is calculated by

no=

Thus,

(\’I 1
h

i
— i,
—
g
\\!%
—~— .
+
<
E.‘:{’o
S—r
+
T
—_
T =
t
=
re




g
»
|
r . 1/2
' 2 ;(o.oso)’2 + (0.019)° + (o.om)zf
| n
- = 5. “n .
| n 67
k
The worst case value was used for 6x;l/m. Thus. all values of n presen-
k ted in this report have an uncertainty of less than 5.6%.
& 4
4
3 {
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Appondix Ab

WALL STATIC PRESSURE PROFILES FOR THE 16.2 mm NOZZLES

This appendix contains.wall static pressure protiles for the two
Lo 2 mm nozizles.  The measurcoments were made using a4 water manometor
which was connectoed to the wall static pressure taps through a valve
manitord.  For details of.the static pressure taps, sce Roberts and
Johaston (1974).

The static. pressure protiles torothe short nozste (throat length-
to=diameter ratfo ot 1) are shown in Fig., A6-1. The wall static
pressures arve normal ized by the jet exit kinetic cnergy and plotted  vs.
a nondfmensional axial length, x/(D-d), where x  is the distance down-
stream of the jot exit plane, D is the pipe inside diameter,. and  d
is the nozsle di.‘\mvtvr*. The static pressure drops slightly just down-
stream ob the nozsle exit plane, and then rises rapidly as the kinetie
coerpy of the jet is reduced by turbulent mixing.  The vapid statie pros-
sure rise levels ottt at approximately x/(D-d) = 5 indicating that the
tlow has reattached to the pipe wall.  The general shape of the statice
pressure curve is not influenced strongly by jot exit Mach numboer.

The wall static pressure profiles for the long nozzle (throat lenpt h-
to-diameter ratfo ot 8)  are shown in Fig, Ab=2. The curves for the
Pong, nozale apree closely with those tor the short nozzle.  This indicitoes
that the overall fluid dyvnamic characteristies of the two nozzles are
very sfmilar,

The diameter of the nozsles was chosen to miateh that of the veni
contracta ot the 19,0 mm orivice.  Thus we would expoct the flaid dy-
namic characteristics of the two noszles to be similar to those of the
19.0 mm - oritice.  To cheek this, the stotic pressure profiles tor the

*k
two Tos mm nozsles wore compared to those tor the 19,0 mm orifice .

A simiLar nondimens tonal Tenpth was used by Roberts and Johnston (1974)
(n presenting static pressure profiles downstream ol orif ices,
hk

Presented by Roborts and dohnston (1974, Fip, 20, p. 41,
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A
b

The agreement was excellent, confirming that nozzles and orifices ex-

hibit similar fluid dynamic char

using nozzle exit plane and orif

acteristics when the comparison is made

ice vena contracta conditions.
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Stat{c pressure profiles for 16,2 mm nozzle
(throat length-to-dfameter ratto = 1)
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Fig. Av-!. Static pressure prof fles for 16,2 mm nozzle
(throat length-to-diameter ratio = 8)
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APPEND1X A7

CROSS-CORRELATION MEASUREMENTS OF THE
HYDRODYNAMIC PRESSURE FLUCTUATIONS

This appendix presents.measurements of the relative rms levels of
the acoustic and hydrodynamic pressure fluctuations in the frequency
range 200-2100 Hz. .The measurements were made using the cross-
correlation technique discussed in section 3.1. . One microphone was
mounted at the. axial location used for the modal measurements. A
second microphone was located 0.25 m farther downstream. The micro-
phones were time-delay cross-correlated. The value of Lhe cross-
correlation at a time delay equal to the time it takes for the acoustic
wave to travel the distance between the two microphones gives the
magnitude of the acoustic pressure, Pic . 1f the acoustic pressure
fluctuations are assumed to be uncorrelated with the hydrodynamic pres-
sure fluctuations, the mean square value of the wall pressure fluctua-

tions is given by ;? + p2 . Thus the magnitude of the hydro-
- ac hydro .

dynamic pressurc fluctuations can be determined by subtracting the mean
square acoustic pressure from the total mean square pressure measurement.

The measurements were made using two Hewlett-Packard HP3721A
correlators,  The microphone outputs were bindpass filtered between
200 and 2100 Hz before being fed to the correlators. The total mean
square wall pressure fluctuation was obtained from the autocorrelation
at zero time delay., The geometric mean of the values for the two micra-
phones was used to define the total mean square pressure.

The table below gives the values of the acoustic and hvdrodynamic

pressures in the frequency range 200-2100 Hz,  The uncertainty associated

. R4 . - R
with the value of pﬁvlr) {s large, especially for cases whore Pﬂ\lr\
Ut (A1
yen S ) vd
fs much smaller than P; , since Pﬁ\lr» is found by taking the difter-
ag U

once of two large numbers,  Howoever, the measurements show that the

Tevel of the hvdradynamic pressure fluctuat fons was much Tower than that
ot the acoustic pressure tluctuat ions,  Thus the presence of hvdrodynamic
pressure fluctuations did not influence the acoustic measurements, with

the possible exeeption of the 50,8 mm orifice.
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Table A7.1

Relative Levels of the Acoustic
and Hydrodynamic Pressure Fluctuations

in. the Frequency Range 200-2100 Hz

Restriction My | SBL, (dB) | SPL. .. SPL, ~SPLy 4ro
12.7 mm 1.21 127.1 110.4 16.7
Orifice 0.63 106.0 80.4 25.6
19.0 mm 1.07 135. 4 119.6 15.8
Orifice 0.40 103.6 86.9 16.7
31.8 mm 0.49 119.4 93.8 26.0
Orifice 0.37 106.6 87.4 19.2

0.31 106.2 92.0 14.2

50.8 mm Orifice 0.21 102.0 93.8 8.2
16.2 mm 1.17 136.2 125.7 10.5
Nozzle 0.76 124.1 109.2 14.9
Lt/d =1 0.41 106.5 89.1 17.4
16.2 mm 1.17 137.0 22,0 15.0
Nozzle 0.78 125.5 112.2 13.3
Lt/d = 8 {0.40 104.3 A 13.9

. | _ - T NP
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Appendix A8

DERIVATLION OF THE PHYSICAL ENERGY EQUATTON
AND ACOUSTIC ENERGY FLOW EXPRESSIONS

A8.1. _Introductfon

This appendix contains details of the dervivations of the physical
energy equation results. The format generally follows that used in Chap-
ter 4. Section A8.2 contains the derivation of the physical energy
cquation.  Section A8.3 gives details of the evaluation of. fs < J:, >ds.
As explained in Chapter 4, the integrated.acoustic energy flux, ‘
fs < ng Sds,  can be separated into two parts, 7PZ and 7?: The details
of the cvaluation of ,TPI: are given in Section 4.3.2 of Chapter 4, and
hence are uot covered in this appendix. The details of the evaluation of
‘PI}: are piven in Seetion  A8.4. The evaluation of the source terms in
Secetion 4.3.4 of Chapter 4 is also given sufficient detafl that no am-

plitication is needod here.

A8.2. A Detailed Derivation of the Physical Ene ruyv Equation

Viscous heat conduction and potential field of feets are ignored in
the derivation of the physical cnergy eguation. The entropy of the mean
Flow is also assumed to be constant.  Thus the acoustic perturbations
are isentropic,  With these restrictions, the fluid motion_obeys the fol-

lowing set of equat fons.

3 .
Cont inuity: \S + div(pV) = 0 (A8=1a)
av - - _
Moment um: 0 Ny + oV e V'V 4+ Vp = 0 (A8-1b)
2 : 2 |
N , 2
Fnergy: \‘3{ lu (l +\_, ‘ + div l;p(o‘# V:)) + 1’1 \Y = 0 (A8=1¢)
Fqns, ot state: o= op(y) ¢z ey (A8=-1d)
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We first separate.the variables into mean and perturbation quanti-
ties, i.e., P =P + p', etc. Substituting into the above equations,
we have (noting that time derivatives of the mean flow quantities are

zZero)

aa"t + dle(p +p' )(v +v! )] (A8-2a)

0
(A8-2b)

(g +o) + (g +p! )(v +v') o V(v +vh) +.V(P +p")

—aat- {(pg+ p')an+ e'+% (VO-P;') . (V°+V'ﬂ§
+ div{[(po+p')(eo+e'+% (V_+v') (VO+V'))+ (A8-2c)
(Po+p')]m('-\-l_q+;')} = 0

The mean flow quantities must independently satisfy these equations.

Thus we have
div(povo) = 0 (A8-3a)

poVo *-VVO + VPO = 0 (A8~3Db)

7
div{[po(eo + —29-) + Po:\ V"i = 0 (A8-3c¢)

Subtracting Eqns. (A8-3) from (A8-2), we have

30
B‘t +div(p v' +p'V_+p'V") = 0 (A8-4a)
ty & Y 7 I BPOR v Y RRR B y A Ve UV (-
(p, +p) +(o +p' )( Vv'+v \/Vo+v Vv)+p v, VVO-!-Vp 0
(A8-4bh)
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."}_‘\ ' VLV evut _‘—,2\'.,)
Y I("o“‘ )<‘ AR AR LA B O

+ div}L(poﬁ-p')(e' +V oy +~]2— ;'2) + pvJ (’\70+'\;v)

) (. ;L‘"Z) o W o+ o'y’ l = Lo

+ Pov + N + 5 Vo (pov +p V0 p'v ’ 0 (A8-4¢)
At this point the equations are exact. We next multiply Eqn.

(A8-4a) by V' and add to Eqn. (A8-4b). Neglecting the third-order

torms v' div(p'v') and p'v' e VW', we have

.@.Y.'_ _Q_. (] ot ™ 'y " - R I T2
P, St ap V') + v divip vitp V) + (pg+pd(V s Wity W)

+ poﬁ' eV V' 4+ p'Vo cW_+ W' = 0 (A8-5)

This equation will be used later in simplifying the energy equation.
Now examine the equation of state. To second-order accuracy, we

have for isentropic flow

2
2
pe = e+ 3lpe) p' + %— 3 (pe) p'”
a0 BO 3 2
p=p, ap” |P=p

Tds + (p/pz)dp, we have

Using the result from thermodynamics, de

2
e 2B Thus, QLQSL =h_ and 3ped ) M prom the
ap 2 ap (o] 2 3p
s 0 p=p 3p 4 8
o oh 1 oh
thermodynamic equation dh = Tds + = dP we have -5 =3 . Now =0 =
ap 2% (pe) " 2 Tls "
dh
-%}:{:, which gives - Qf— = ao/Dor Thus we have
o 3p” [p=p
o
2
a, 2
36 = ! —— 9.__.. -
e 0,2, + hp' + 0. 3 (A8-6)

accurate to 0(52).
Substituting into Eqn. (A8-4c) and neglecting terms of 0({3), we

obtain
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v —
%t&s + o'(ho +—§‘-’—)+ (p *+ 0" )V * V")

V —
‘—P S ot xT) e T e vt 'y !
+divle+(ho+ 2>[p°v +p Vo+p v :\+(V° v)\_(po+p )VO+OOV_J

3}; , are given by

Simpiirying, we have

3

—

(A8-7)

where the acoustic energy density, F’s’ and the physical energy flux,

2
a o _
= = p'2 + = w2 (Ac-8a)
2p 2
)
T = £V +p'V (A8-8b)
s s o

s ~P V(Z) 3p' = 3 =1y
—— — 3 1 ¥ t,,!
so+ div Jg (ho + 2)[& + div(p v'+p'V,+pv )]

= \'}
- 9 1 3 — — — —_
ey Loy B e & @3 £ e alog e F) 07 0+ 0T

) o}

+ div\fpo+p')(70 'V')(VO+U‘)J+ p' div Vo = 0 (A8-9)

First note that the third term in Eqn. (A8-9) is equal to zero by

virtue of the continuity equation. Also, by examinatien of the mean

flow energy equation (Eqn.

(A8-3c)), it can be seen that

~\72

V(h +‘3)~V = 0
0 2 0

Then, using

divL(pn+p')(Vo . C')(VON')]

r ° o ) T
V0 Lv div(pov +p Vo)

al ' v .‘A' ' -.'. 1 .-—"
+ (;0+p )V(V“ v? + v V(VU vh o,
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Equation (A8-9) can be rewritten as

s Fdiv I+ s W' L2 (v + v divip v eV )
at s ) o 3t ot © ©
' o vl ' ' e v ' 2
+ (p, + oMV, "’*V"JH’ AL V)+(p°+p)v(h°+ 2

+ptdivv, = 0 (48-10)

Next, noting that

v(v‘o-?') = VO-V?' +7'-V”V'O+V°x(v><¥') +V'x(VxVo) ,
term in Eqn. (A8-10),

Equation (A8-5) can be used to simplify the third

giving
ags —p — - - — — —_ — —
— . 1] - 1 . | I 1] .
S 4 atv T+ Y, L(oo+p ) Tx(UxT ) - pv e W' -0V vvo]
_ \— _ Vi _
1 o u' 1 . 1 = -
4+ v poV(V0 v') + (poﬁ-p ) V(Fo + 5 + p' div Vo 0 (A£-11)

L

Now we have

=2
— - - ( Vo — 1 -
v T x(VxV ) + Vih + =] v = Yh_ - — VP . v
0 0 \ o 2 o o

(A8-3b) to eliminate Vo - V. But for {sentropic

after using Eqn.
) can be written ac

flow, Vh = % vp. Thus Eqn. (A8-11

3{’8 ——P p' — — — - _— — a— —
—_— S . ' - . ‘o, 1 . ', . u!
T + div JS + o VP V0 + p' div V_ povo (vt e W) RV V(Vo v')

= 0

Furthermore, it can be shown that

'VVO)

n

v'oe V(Vo e v") Tf“ (Ve W)+ Ve (v
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Thus we have

a{’s =P
T + div Js

- El e U - nt v - ' e UV e u! _
po VPO Vo p' div Vo pov VVO v (A8-12)

Now, Eqn. (A8-12) is accurate to 0(82). Thus we need p' and p' to

F 0(62) accuracy. For constant entropy, we have
2
3P 3P 2
P'=$ pt + =5 o'
; o ap |o
g . . 2 2 JP 2
! Substituting p' = ep; + € P2 and p' = ep; + €70y, and using 30 =a_,
? we obtain
h
k P. = a° (8-13a)
1 - %P a
2
da
‘ _ 2 1% 2 _
P2 = a pp+ 2 o Py (8-13b)

7

Next, note that, for constant entropy, VPO = ai Vpo. Thus, Eqn. (A8-3a)

can be written as

N 1 R
P div V0 + 32 VPO Vo = 0
o
I

Using this result in combination with Eqns. (A8-13), we obtain

aé;s ey aao 2 = - = =
== +div], = ~a —=—p'""divV_ - vy'eyW ey
ot s o 3p o o
s acecurate to 0(52). Equivalently, this can be written as
3¢
_s TP (=1 42 .5 - vl e YUY o ! -
Y + div Js : 5P div Vo v VVo v (A8~14)
p_a
o o
where T o= %..%ﬁ%— o " Eqn. (A8-14) is referred to as the physical encergy
% equation in Chapter 4.
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A8.3. Evaluation of fq < .Jq > ds

Z

We. have

¥
o

2 o

< J > = < —R-§ + 7? <%'2'+ u'2 + u'%) >U_ +< p'u! >
, r 0 z 3] z

b4 Zpoao

where the perturbation quantities are given by

i(wt-kzmnz)

e o B

Re Pmn(r,e) e

2|

— —

i(wt-kzmnz)‘\

i

c
]

Re | V. (r,0) e
Tug 1. | mn

Substituting these expressions into the above equation, we obtain

%
P P N p
P 1 e mn bc [§) * 0. ®
s zRe{Z;( 7t Ve Ve T2 V% Vg
z m,n b,c 200 a mn be mn be

i(k -k )z
x % 4 VA
+2yv v )U + PV e _be “#mn }
Z rA (o] mn 2
mn be be

LA JEE (KB WG LN WL
A
(&
v
"

The functions Vrm s vemn’ and Vzmn are given by

n

2
- mn _ ar
zmn po(w_kz Uo) k U )2
mn 0 2 o

whoere

Pmn(r,ﬂ) = Cm cos(m0-+¢m (r)

) R
n n’ mn
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(A8~-15)

. etc.

(A8-16)

(A8-17a)

(A8-17b)

(A8-17¢)

(A8-17d)
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g
The coerticiont. (imn {s—considered to be real, and d\mn is related o
the angle of.the nodal diameter.  Since we are-consfdering only cuton
modes, Rm"(r) ts a roat funetfon and kzmn is rvul.u-v-»--vl-lxamining the
rirst torm-in Eqn. (A8-16), we have
| * i(k., =k, )z
" | ‘ l‘mnpb ( “he T l ‘mn ‘h
o [\
’ 5 Rey %o Y v Ty cosmO ¢ ) con(bO + ¢, )
R " 2 ‘ , 2 mn be
} 2o oa 4o a
3] O %) ]
| * R cos(k -k Z
nmRbc s( 2 o )
be mn
lnteprat ing across the duct cross soect fon, we obtain
b
! By ‘p P ik, -k, 2
; R B mn be “he Tagn
5 Rey 0 G U) rdrdd = ¢ | m# b
] 0 o - lﬂp‘ a” ‘ ¢
L %) )
ne o @ COS - r u
mn e N'w‘mr ¢mn) G o
T e e e T R oordr cos(k -k )u
S (4 ) mn ome g P @
0 m o 0 me mn
r m==5bh
whore fm O, m O =01, g - 1o2,3,... .

The inteprals of the other terms in Pgne (AS-16) ara nivenoby simi-
Lar oxpressions, Thus, the inteprated acoust i enerpy tlux can be writ-
ten as

i W cos(p - ) r ‘ R R
ot s mi me (“m_v ":‘_mn‘ o mnme
. e N N - - 2

3] i
8]

. AN | +. )
N o My ¢ 0 m
'.Il\‘"m dl\‘m ,
(. .
; : mR R
de Jdr ) . Smntme
(\'“k I ) u‘—k U ) .,
B o Py o t (w-k 1 Y=k )
mn nme .:l g v 2 )
n me
dR Ju IR JdU
k Rmn mn o Rm N o u
o - P - :
S dr dr e de o dr 0
Go=k 11 ) R w-k 1) 2 2
;"mn o tw=-k l’“) L ;’."“_ O tw~k U )
mn “me
dR dt
R R , me 0
'.'m mn me hmn I I
[ ar e
(- h vy o Co ) rdr t't‘h'(k_, -k, Y .
e O (o-k I ’)' e “mn ’
HY . 4
me

JOH




Stmplitying this cxpression andenond fmensdonalizing, we obtain—the final

result.

>
nr
P o
SOUY ds = -0
s p o
S-... .2 O
R R
o me
— m”
dr dr

mn me. ..

"
ﬂ‘_!"_c_ dM

kmn -~ - me
e dr dr
- 5 -
2 K2
LA . me
o 2rdr cos(k. -k ) Z
me  mn

)

e e
K K "7 K
Y Y NnMae

»

¢

R
el M

L .d? dr

»

33 Dl 20 e~ )
: FOAEY
( xm)

m,n

k k R R
Smnome_mnome o dr

mn-me Y

dR

_mn dM -

T T Al 3
SIS e -mnome

-

The nond imens tonal variables are defined as

mn

me
me mn B
U
O
Moo= - .
.'l) mn
L
((\V4
v and FA = :l
QO

Joa

‘bl h ]
l?. l\manv

(A8-18)
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A8.4..  Evaluation of P:

T - P . '
Ihe cross mode energy tlow, ‘Ph s Ls the sum of the terms in
l)
f‘; ~ “s, S ds for which n # ¢. Noting that the summations over n and

¢ both have the same upper bound, we can combine terms-to obtain

Al

2 - 1
Y _an E Z CunSme t~0>(¢n}&_ ¢1n11) ‘M RR
Eh P 2(L4¢ ) l mn M.
Myll.Cal.... B m .

O QO
Q
G, dR dR dR 2
S me ) S e M.
- - m R R k k R R - - -
dr dr mn me mn o me mnme dr dr NMdr
T T S B
Yy K K Yy r K K mn me Yy K K
mn me mn me mn me
R iR
dM : e UL ; -
i mnwn meme e kmn knr
8 (8 8
- oy e e e M=+ o JROR
I K K K K mn’ me
\ K me mn mn me
mi me .
dR
JM , S . o mn
mn - i :
dr d1 dr LT -
-, s g s e e cos(k = K 2. A8-19
2 2 .2 rdr cos( me \mn) (A )
) me mn
Equation (A8--19) can be simpliticd by Integrating the term
dRmn dRm :
Y I | W
f Jdre dr
j i RIS 'Y § S
v ) mn me
by parts.  PFirst, we have
d mn anm
1 M . ! M-
dR :
L 1 R d dr .
""" . - : ST e
) 2 me K K
mn nn dr ) o dr mn e
sinee the contributions of the end points vanish by vivtue o the bound-
ary conditfons, Similarlv, we have
dR” dRm
e \
1 /v M ‘ , | I ™™ !
dR
1 dr m 1 R d Jdr .
. ! B .
S [ NI N ¢ N mn K K
\ . mn e dr y , dr mnome
3 )

L0




Adding these together, we-obtain

dR dR
1 M —Twm m¢ 1 [ r M.
.)d r _d‘l‘_ Z—I—d}_ - *I,_)_ R d R
KK 2 me G K K
0 . Y mi mc Y (4] ma-me
- dRm .
rM—=
, d(____dr T -
+ Rmn | v % dr (A8-20)
dr mn me
Now we have
dR dR dR
m c— o m - "mn .
r—— M r——| g r—— K
d dr. _d dr -1 “mn dr d mn.
SR KT = 2 g Mt 27— \K M
dr mn me dr K ‘| me K dr me [
mn mn
Using the differential equation for Rmn (Fan. (2-3)) to replace the—

derivative in the first term on the right-hand side, we obtain

Rmn
- M v 2R A
d o dr _ 2-—b _mn_mn " S “mn_mn
| KK R L e N ™
dr mn me ... me Yy r K K mn me
- mn me
;‘ﬂfﬁ? dM _ .
v dr kmnM kmcM
+ S =21
K 1 K R (A8-210a)
mn me mn me
Similarly, we have
- dRmv -
e e - 9 )
v ) R K m"R k= R
d dr _ - me me me me me
- 'K"' 'K’ e \ !bl - T “',)‘_-,’-‘ - + 3T T
dr mn me mn y"r"}\mnl\‘m mh me
¥ e an . .
dr dr kva' kmnM
R - + Ko (A8-211)
mn me me mn

Substitut ing Eqn.s (A8=21) into Eqn. (A8=20), we obtain
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R

mi dR y
I IRRSLL. t

dr _ dr - =~ M. Knu.'.~ l\mn (kmc + kmu). .
ey = 2rdr = S|lyg—+ iy - —F——=[R R
2, 21K K K K mn me
: Y K M. MCooo . mMe MN

K
0 mn me.. . O

9 dM - — -
m- R R .- dR k M k M.
mn -me dr. mn mn. . me
- M ——; -y Rmc =~ [ l.=- ===+ X
Y'r° K K 2K K Tdr mn me.
mn me mn me
R [ R“m M- - Elnum' -*1 -
+ R - e 1 _—T}I_ + — 2rdr (AS“B:)
mn e K K S
B S me mn

Substituting Eqn. (A8-22). into Fqn. (A8-19), we obtain, after simpliti-

cation,

2 U 2
ne” ¢ ¢ ocos - K +K - (k -k )
proe 0 33 e AT ‘ M B ¥ ) = Ky 7o)
¢ b oo 201+ ) 2 K K
QOO MmN, NN m R mi ne
[§
'y —

3 | (1-2k M+k ko MT

o mn ome l

h]

I\mn kl :
4o m

- B .
K mn me 9o K
mt. me ..I\m me
. . . ,
o an
LN A dr
2.2
Y N
— - . . - R d .l.(}“}_‘ ,‘l.M
(I=-2k M+k k N M -
o eeec e T me 01 T e dr
] * ) ]
Yo~ s
- “mn - T Noe
i ’ 2
i T Y 1
dr _ dr dr = -
to ey e N 2ed costk =k ) # (A8-23)
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Appendix A9
DERIVAIION OF ACOUSTIC ENERGY-EXPRESSTONS
BASED ON THE WORK OF BLOCKHINTSEV AND MOHRING

A9.1 _Results Based on the Work of Blockhintsev..

The Blockhintsev energy flux can be expressed as
7B _ ot U oot ' p' . L ')y v
Js =PV o+ po»~(vo vi v+ 2 vo + 2 (Vo“V”) Vo
0. a a
G O o

For our particular case

V =Ue,
o oz
axial or gz

and we are only interested in.the
component of the acoustic energy flux.

Thus the time aver-
aged energy flux is given by

2
2 Y ' >
SOy Y = spte! S (14T + n pa <u?s + 2P (A9-1)
s z oo z p_a
z oo
Using the expressions
_ 1(wt-k, z)
mn
P’ = D Re P (r,0) e
1,0
and
i(wt—kz‘ z)
u' = Z“Re V. (r,0) e mn
2 z
u,n mn
and time averaging, we obtain
#*

B 1 = * 2 * pmnpbc
S =;ZZ Req I PV (Q+t) +mfpav v 4 _mnbe
5 2 : nn. z ooz 2z o _a
2 m,n b, be mn be oo

t(ky =k, )z
N be mn (A9-2)
We have
J 1
K, P Py Lo
V.o o= o—eeem T W
VA 0 ((1“"k U )
mn 0 2

0 n’(w-k? Un)z
m ¢ Inn
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where.....

Pmn,.éu Cmn cos(m9+¢mn) Rmn(r)

The.coefficient Cmn is considered to be real and ¢mn gives the

location of the modal diameter. Since we are only considering cut on

modes,_ Rmn and kzmn are real. Substituting the above expressions

into the rirst term of equation (A9-2) and integrating across the duct
cross section we have. .

21

l. * i(kz ‘kz )Z
f °5Re[p v (144%) e cbe FmnT | 0 - 0 , m#b,
mn 2o
0 o
N dRmC dV0
TICnmcmc cos(d)mn_(bmc) ° kzmcRmc dr dr 2
= re R ok Ty " 5 | (14M7 ) rd e
m 0 m P Zmc o p_(w-k, U
0 We o0
. cos(kzmc-kzmn)z , m=b ,
where £, = 0,. m = 0Q; =1, m=1,2,3,... The inteprals--of the

other terms in. Eqn. (A9-2). aro given by similar expressions. Evaluating

these terms and summing, we have

ro
—
Fos




[o]

<JB >ds = »ncmncmc cos(d)mn-(bmc) Lo R kzmcRmc )
Sz Z Z 2(1+c ) f mo [ o (w-k, U)
s ) L

dRmc dU° dRmn dVo
—_0 kz R —_
dr dr > (1+M2) + Mpoao > (wtfizmnu“)" _ dr dr >
po(w-—kzmcuo) o mn- o po(w-kZanO)
k. R dRmc duo
Zme me dr dr M
- + R R 2rdr. cos(k, . -k
Do(w—kzmcuo) 0 (w-k. U )2 Pod, mn mc} s( Zhic zmn).z
o Zme- o

Nondimensionalizing we obtain

2
f<J >ds = " z Z--»-»mnc c Cos(d)mn-q:'mc)
s 98 P a 2(1+c_)
s z oo mn C m
X R mc dM X R dRmn dM
me_me dr dr 2 mn_mn dr dr |
R - (1+M™) + M -
o mn| K 21(2 Kmn 21(2
me Y Rne Y Pn
- Rie an
P - ST Lk R LITAF cos(R -F )%
K 2,2 mn mc inc mn
me YK
(A9-3)
where the nondimensional variables are defined by
- _ r = kzrrmao Yo = Ty - _ wz
FEE o K s uu-—’M=a_’Kmna(]‘-KmnM)’Y=—a_-émd T ¢
) ) o 0
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'lhe integrated energy flux can be

Fb » where ?: 1s independent of
on z

separated into two parts, ZP: and
z and_?b has a cosine dependence
« Thus

B _ B B. -
/“]s;ds = Z’a + be (A9-4)

Further manipulations of E and E

b will be performed Separately.
We then have

dRmn M
ZB Z f{ mn nm dr dr (1+1~12) +
a mn 2.2
o o m,n Y K
i Fon a2
M SLmn - 598 | 4+ g2 } 2Tdr
mn Y K ma
mn
where
2
P2 - Cmn
mn 2(1+c )
dR dr_ \2
Collecting coefficients of Rmn . -E-:—m and —E%Q' we obtain the
final result for Z_Df
nr2 —5— 1
1>B=‘.._° Zp; {.ﬂ_.;._m.tl RZ -
a P a mn f K 2 mn
0o m o mn "\mn
2 .
R R an (i‘.‘in ( siﬁ) %
-2 mn d¥ (¥ dr dT, — =
+ N NG A 9 -
[ L+M (l\mn kmn)] 7 + X Kz. }._rdr (A9-5)
Y mn
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B
Now. examine ;/2’1

, the—part of the integrated energy flux which is
not independent of 7

z . We have
dR
el = me- dM
Z,B - nro Z Cmn me 0% (¢mn ¢mc) L R kmn::Rmc . _dr dr (1+M )
Ly b a . 2(1+e ) f mn|” K 2.2
0 0~ myn C¢FN m mc Y. K
o mc
- Ron am\ /< dRoc amM
mnR 4t dr mcRmc dr dr —— - = -
+ M ~ mn + MR R 2rdr cos(k -k )z
K 2.2 K 2.2 mn mc mc mn
mn Y K mc Y K
me
Collecting terms we ortain
e C 0s(d__ -0 ) 1 R_R
B _ _ o E mn “me mn_ me MK K MZ] mn_mc
]Zb 0 a 2(1+c ) J mc mn K__K
oo m,n c#n m mn mc
% dR__ 2 2 R
2.2 2 Ron dr (1- k ot T M K ) * Rie 7 Sme mc]
Yy K= K
me mn
dRmc dRmn dM 2
& ar \ae/ == - = =
2rdr cos(k_ -~k )z
4.2 2 mc mn’-
Y K K
me mn
Not ing that the summations over n and c¢ have the same upper bound
we can combine terms to obtain the final result for /?g .

i cos(d_ -0 1(¢ [2M+(k_ +k )(1—M2)
B=' ZZ mnmc S8 0~ mL mn  me R R
b D oa 2(14c ) f K mn me

00 myn ¢<n m ) me mn

M :

o= dR ) dR

B T i S DI W [14? (k2 K2 )
VIR KRS mn dY mn - mn mc me
mn me
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dRmc dM l
dr dr dr M s — = =
+ 2 ) 2rdr cos(kmc-kmn)z (A9-6)
YK K
mn me

AY.2. Results Based on the Work of Mohring

Mohring (1971) presents an acoustic energy flux expression for the

case of a two dimensional duct containing .a sheared mean flow. The

acoustic nressure for a two dimensional duct.is given by -

The.acoustic energy flow of Mohring can be expressed. as
c C 2 U'7 P P
g ooy p e el o (- ) e
- Z 2 - ‘e
L2-p T et bt b0, [ “i n fe 2 Tk, | u )(( Koo U)

du dP dP
© i\ Ty : R
b - l— < JL—- dy cos(kchkzn)z (A9-8)

(w—kz U ) (w—k& U )

Introducing the nondimcnsiongl variables

— y 5= k"‘nno Uo = TZQ ;= W2
y =y o kg T T "= Z‘; v Ky = Aok, Y = 3 and - = a

we obtain




R Al

N

-

Ui 9 i

K K
nc

- 2
M i o Z S‘ Cn»cc 1( 2M-+(kn+kc)(l-M )
E 2-D P a tannad

Y | RP
nc

(6]

dp dp
¢

M- S _n
_ dy Pn dy + Pc d?)
2 2.2
Y C

47 cos(K,K )% (49-9) W

We wish to find.the equivalent of e
a circular duct., p

1

quation (A9-9) for the case of
or a circular duct, the coordinate

T replaces 7
and the area is..given by ﬂri

rather than Yo + The modes have a
double index (myn) and the diff

instead of d; .

2 cos(d_-¢ )

me "mn .

(T7e ) + ~Thus the equivalent of e
circular duct case is

erential element of

volume is Trd@dy
The integration over

8 introduces the factor

quation (A9-9) for the

!
;
@

2
Mo Trro Z Z: Cmncmc coS((15mc-¢mr'n)
Vg o a 4(1+e )
O 0omn c m
Y
= = 2 mn me
/ M+ (k +k_ ) (1-M%) -
o i mn  mc Kmnch |
dn zR dRmc . dRmn 1
4 \mn 47 me_dr 2rdr cos(k_ -k )7 (A9~10) '
2 2 2 me mn
Y K° K 1
me mn

The integrated power flux can be Separated inte

M M - M
7 > 3 > P
17y » where Z]’a 1s independent of z and j b

dence on 7 ,

two parts, I’g and |

has a cosine depen- |
Thus we have
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4 mn _dr 2rdr

Thus 7?2 can be expressed as

(A9-11)

s of ,FM which have a cosine dependence on 2

Collecting the term

we have

¢

¢ C cos (¢mc— mn)

2
?M - Ty E mn_ me
v pa 4(1+€ )
cFN m

oo mn

R R
mn_me

— T 2
{{m + (kA )M )}-K B -
mn mc

o\‘r‘

( Rmc dRmn
R —= 4 R ———
dm \ mo i me_ ¥ 77dt cos(k, K )z
dr 2 2 me  mn
K K
me  mn
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Noting that the summations over. n and ¢ have the same upper

bound ﬂ_’ﬁ can be written in final form as

2
Tr c C cos(¢_ ~¢ )
M [o) mn mc mc ‘mn

po o m,n c<n

R

1
f T 2 Rmn me
[ZM * (kmn+kmc) (l—M )]K X
0 mn mc

{
M Rmn dgc + me d%n> — — —_ = -
dr 2rdr cos(k_ -k )z
2 K2 2 mc mn
mn  mc
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Avpendix AlO

COMPUTER..PROGRAMS FOR THE ENERGY-WEIGHTING..FUNCT1ON ANALYS!S

The computer programs in this appendix are FORTRAN programs which
were written for the 1BM 370/168 computer.  The program MODE was compiled

on a FORTRAN-H compiler. The program. INTGRTE was used with the WATFIV
compiler.

ALO. 1. Program MODE
The computer program MODE calculates the radial mode shape fuanctions

R (r) and normalized axial wiavenumbers Wk

mn of propagating acoustic

mn.
modes for a given mean flow profite M(r). The program also calculates
the physical, M:;hring, and Blockhintsey cnergy weighting functions.

The mean flow profile shape is caleulated by the subroutine FLORRO.
The listing Following this d.scussion contains the equation for 5 one-
sceventh power profile.  To obtain results for other profile shapes, the
subrout ine FLOPRO would have to be moditiod accordingly,

The necessary input data consis of a first ine which tells the pro-
sam Pow many cases are to be caleulated, and an additional 1ine For cach
Case Looset the proper input parametors.

The first Tine of data contains the chosen value of NUMRUN, which
tells the computer how many modes are to be caleulated.  NUMRUN is an
integer which ean rang - trom 1 to 99 and is read using FORMAT statemoent |1
in the program.

Each succecding line of data pives the input parametors for a par-
ticular mode.  The data are read using FORMAT statoment 1 in the program.
The Yollowing 1ist explains cach fnput parametoer,

i) NN is an integer which is less than or cqual to 10 and con-
trols the number of interval s which the duct radius is divided into.

The actual number ot intervals is piven by ;’NN.
h) M ois an integer which can range trom 0 to 9 and gives the
circumfercntial mode pumber.  For example, to caleulate the  (2,0) mode,
Mo would be set cqual to 2

-

R
- &




e) NMODE s an integer which can range from 0 to 9 and gives the
desired radial mode number.  Howoever, NMODE is only used in the-output
subroutine and does not control which rad fal mede number is actually
found. 'The program converges on the radial mode number whose eigenvalue
i{s closest to the estimated eigenvalue, K (sce below).  The output can
casily be checked to see that the correct radial mode number has been
found by applying the following rule. The (m,n).. mede-cigenfunction
has n  zeros in the interval 0~ * < 1. Note that the origin is oxclu-
ded in applying this rule.

d) C is a REAL*8 number which gives the value of the reduced
frequency, Y.

e) K is a REAL®8 number which is the estimated value of the nor-
malized axial wavenumber, Emn' The accurscy of the estimate strongly
affects the number of interations the prograw performs to obtain the
solut ton. The program will (ind the radial mode whose normalized axial
wavenumber is closest to K. Thus the chotee of K also affects the
radial mode number of the solution.  However, under most circumstances
the value of kmn can be estimated aceurately enough to produce convers=
pence to the desired mode,

) LB is a  REAL*S number which defines the lower bound of the
range svarched for cigenvalues Ein' The values of LB and  UB  should
be chosen such that not more than two cigenvalues Tie in the specified
range. It more than two cigenvalues arce found, the program {s termina-
ted after printing a nonzZere value of TERR. 1 no cigenvalues are found
in the specified range at any iterat ion stuop, the program prints 'NO
FTCENVALUE FOUND..EOR ESTIMATE K = "oand terminatoes.

) UB  is o REAL®S  number which defines the upper bound ot the
"
range scarched for cigenvalues -k&n. Cuidelines for selecting values ot
B woere discussed above.

h) W oiw oo REAL*8  number which is chosen to acceelerate conver-
ponee of - Koo 10 W fa set too high, convergence will be stow, with
uccessive iterat fons overshoot fng the correct value in an oscillatory
Pashion, 11 W is set too low, ft may take many fteracions to obtain

the solution.  As a gpeneral pulideline,  tfor modes close Lo cutott Tow




values of W such as 0.25 to 0.50 should be chosen, while for modes
far above cutoff values from 0.£ to 1.0 give rapid convergence.

A sample output of the computer program is shown following the list-
ing. The value of the eigenvalue K2 found in each iteration is printed
out. The message "IERR.=.0" denotes .. normal return from. the subrou-

tine TSTURM. After the value of K2 has converged, the normalized

axial wavenumber is printed out. The integrals in the energy weighting . .

functions are then calculated using a Romberg integration.scheme (sce
Hornbeck (1975)). The Romberg integration-scheme is terminated when the
value—of the integral has converged to 0.5% uncertainty or all the
data..points have been used, whichever comes first. The value.of the
integral, the uncertainty, and the number of integration steps are then
printed out. The maximum number of steps is (NM+1). The definitions

of the integrals listed are given below.

1N Rin .
f X 2rdr

INT(1) =
0 mn
! iﬁu R;n ~
INT(Z) = f -—-‘—"2"“—""‘ 2rdr
O K
mn
?Rmn dM
1 mn - =
INT(3) = -f 5 dZ SE vdr
3 Y Kmn
mn dM
1 "mn -~
INT(4) = -f ~~-—~2~dz “MZ(I\ -k2 ) 2rdr
0 Y K m
min

2
(dﬁmldM)
_dr

mn

PINT(1) = f zrd'r'

INT(5)

2rdr

R
lmm_lm\.

PINT(2) = 2rdr

mn
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mn dM
1 mn —
PINT(3) = —f (K—l—+%) zdg dr: J7dr
0 mn Yy K
mn
d%mdM
M PR oy
1 it dr/ =
PINT(4) = f T g Zrdr
o .2y K
mn

The values of the Blockhintsev, Mohring, and physical energy-weighting
functions are printed out after. evaluation of the integrals.

The subroutine OUTPUT is then used to print out the values.of the
eigenfunction Rmn and the integrands of the above integrals (excluding
the factor 2r) at 33 points across the duct radius. The Products,
Mohring Shear, and Blockhintsev Additional categories of the Mohring/
Blockhintsev flux terms refer to the integrands of (INT(1)+1NT(2)),
INT(3), and (INT(4)+INT(5)), respectively. The Products and Shear
categories of the physical flux terms refer to. (PINT(1)4PINT(2)) and
(PINT(3)+PINT(4)), respectively. Since the listing of the cigenfunctions
and integrands. is controlled by a separate subroutine, more detailed out-
put can be obtained easily by simply modifying the subroutine OUTPUT.

A listing of the program MODE and a sample of the output follows.




Listing of Program MODE

REAL%*8 HyK KNEW Gy LB, UB, K2NEW, EPSL s SUMs FM, FBHFP

REALXS R(lOZS).B(lOZS)oAE(lOZS),AD(1025).0(1025);5(1025))EZ(IOZS)s
’KZIZl.Z(IOZS.Z).RVl(lOZS).RVZ(IOCS),RVS(IQZS),RNQ(IOZSI.RVS(1025)»
$RV6(1025).KH£2049),HACH(2049).T(Sl.Tl(llJ,Tat11);INT(9).DELINT(9)»
SPER(NT(9),FII£1OCS).FIC(1025)»F13(1025),FIQ(1025).FIS(1025);
$PFI111025),PFI2(1025),PFI3(1025)

REAL%8 DSQRT,DABS

COMMON MACH,R,B,AE,AD,F14,FI5,PFI1,PFI2,PFI3,K

EQUIVALENCE (B(ll»FIl(ll)g(AE(ll.FIZ(l)).(AD(II;FIS(I))

DIMENSION NSTEP(9)

READ(5,1) NUMRUN

DO 1000 III=1,NUMRUN

wxnx Nz=2¥aNN IS THE NUMBER OF INTERVALS,

wux» M IS THE CIRCUMFERENTIAL MODE NUMBER.

wu¥#n NMODE-IS THE DESIRED RADIAL MODE NUMBER.
wxnn G IS THE REDUCED FREQUENCY GAMMA.

auns K IS THE ESTIMATED NORMALIZED WAVE NUMBER.
wxx% LB AND UB DEFINE THE RANGE SEARCHED FOR
sane EIGENVALUES K2.

wann 44 IS CHOSEN TO ACCELERATE CONVERGENCE OF K.

READ(5,13 NN,M,NMODE,G,K,L8,UB:H
1 EORMAT(3I2,5012.5)
N=J¥*NN
N1=N+1
N2z22#N+1
N3=N/32
N11zN-1
NITER = 0
WRITE(6,2) M)NMODE,G N, LB,UB MW
2 FORMAT(///7/7' (',I1:''1I1,") MODE* ,4X, 'GAMMA=" ,021,4,4X, I3, "' INTER
SVALS'/® LB=",D11.4,4X, 'UB=S*,Dii. 44X, W=",011.4/}

wsun® GENERATE MACH NUMBER PROFILE ARRAY.
CALL FLOPROIN2,N)

wanv GENERATE KM ARRAY USING ESTIMATED VALUE OF K.

90 DO &0 I=1,N2

"
[

KM{1)=1.D0-KaMACHIX)

wewn GEMERATE ARRAYS FOR A#R=K2#BWwR.

wsu# A 1S TRIDIAGONAL, AD(I) ARE DIAGONAL ELEMENTS,
wise AE(I) ARE SUBDIAGONAL ELEMENTS. B 1S DIAGONAL,
wsiu® B(I) ARE THE SQUARE ROOTS OF THE DIAGONAL ELEMENTS.

1F(M.EQ.0) GO 10 29
H12:=N
DO 30 I=1.N11

30 BII)=G*DSQRTI1.D0*I/NI/(KM(2uT+1)#N)

BIN)=G*DSARTIIN-,5003/12.004N) )/ (KHI2#NI*N)
AE(1)=0.00 ’
00 «0 I=Q.N

40 AE(I)=(I-.5D0)/(KM(2%T)1#n2,D0N)

AD(I)=G'G/1N§'31-H'H/(KH(3)*0£*N111.00/(KH(2)‘
202 DO*NI-AE(QD)

)
R
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0C 50 I=2,N11

50 AO(I)=G*G*I/lN*13)-H*H/(Kﬂ(zilol)l“ZII“N)-AE(I)-AE(Iill
AD(N)=AE(Nl/(2.DO*N*N)*(G*G*KM(N2)*l2-ﬂiﬂ-2.DO*NlNl
GO TO 59

29 N12:=N1.
B(1)=G/(KH(Z)N(Q.DONNJ!GI.SDO)
DO 31 I=2,N

k) B(I)=G'DSQRT((I-I.DO)/N)/(KH(Z*I-I)iNl
B(Nll=G*DSQRT((N-.SDO)/(Q.DO*N))/(KH(Z*N)“N)
AE(11)20.D0
00 &1 I=2,N1

Ql-AELI)=(I-1.5D0)/(KH(Z“I-Z)**a.DO*Nl

AD(11=AE(8)/(4.DO*N“N)*(G!G*KH(1)**Z.DO-Q.DO*NNN)
DO 51 1=2,

51 AD(I)=G*G*(I—l.DO)/(N**S)—AE(I)-AE(I#I)
AD(NlJ=AE(N1)/(2.DO*NNNI*(G*G*KH(NZ)l*2-2.DO!N‘NJ

*%%% PERFORM CHOLESKI DECOMPOSITION. GENERATE (C-K2%#I)xz2=zg,
NeRe- WHERE Z(X)=B(I)#R(1J.

59 E(11=0.D0
0O 60 I=2,N12

60 ECI)=AE(I)/(BIIINB{I~1)) ...
DO 70 I=1,N12
DIII=AD(XI/(B(1})%B(I))

70 EQ(II=E(XIELT)

®u#¥ USE SUBROUTINE TSTURM TO FIND EXGENVALUES K2 IN (LB,UB) AND
“®x% THETR ASSOCIATED EIGFENVECTORS 2,

EPS1= -1.D0

CALL TSTURH(1025»N12pEP51,D»E.EZ.LB,UB.ZoNEIGENpKZoZ»IERR»RVI.RVZ»

$RV3,RV4,RV5,RVS )

IF{NEIGEN.GT.03-GO TO 71
900 KRITE(6,12) K
12 FORMAT(* NO EIGENVALUE FOUND FOR ESTIMATE K=',D13.5)

GO 1O 1000
71 KRITE(6,3) IERR Y (K2(J),J21,NEXGEN)

3-FORMAT(* IERR='.IS.SX,'K2='.DIZ.Q-BX;012.Q)
IF(IERR.NE.O) GO YO 1000

“4n® IF MORE THAN ONE EIGENVALUE FOUND, CHOOSE THE ONE CLOSEST
“uR%® YO THE ESTIMATED K AND CHECK CONVERGENCE, IF K HAS NOT
Meo¥ CONVERGED, ITERATE USING NEW VALUE OF K.

NITER = NITER + }
KSNEWZR2(1 )

11=1

DO 80 I=1,NEIGEN
IF(DABS(K2(1)-K&K ).GE .DABS(KINEW-K*K 1) GO TO 80
KONEW = K2(1)

11=1

CONTINUE ' _
IF{DARS(KINEN-K#K ) LE.1.D=4%K4K) GO TO 100...

8

(=]

RREW=DSORTIKENEW?
IF(N.LT.0.D0) KNEW=-KNEW.-.
KzK4We{ANEW-K )

IF (NITER.GE.8) 60 TO 1000
GO TO S0

kuen IF K HAS CONVERGED,GENERATE R FROM z.

100 KNEN=DSQRT(K2NEW)

IFIK.LT.0.00) hNEW= ~KNEW
K=hNEW

IF(M.£Q.0) GO TO 101
Rt11:0.D0




DO 110 I=2,N1

110.R(1)3Z(I-1,II)%BIN}/(BII-1)%Z(N,II)}

G0 TO 102

101 DO 111 Is1,N1
111 R(IN=Z(I,IXI*B(NY )/ (B(TI)*Z(N1,IX))
102 WRITE(6,4) K
4. FORMAT(/' *,4X,'K=",D12.4) .. ..

WRITE(6,5)

5 FORMAT(® ')

sxnn INTEGRATE EIGHT INTEGRALS USING ROMBERG INTEGRATION.
#xx% FIL(I),FI2(I),FI3(X),FI4(I) AND FIS(I) ARE VALUES
sxn% OF THE INTEGRANDS EXCLUDING THE (2%RAD) TERM.

#x¥% T(JJ) ARE INITYIAL ESTIMATES IN THE INTEGRATION SCHEME.

DO Y20 I=1,N1
FIXl(21)=0.D0
FI2(I)=0.D0
FI3(I1=0.D0
FI4(I)=0.D0
FI5(11=0.D0
PFI1(I1)=0.00
PFI2(I1=0.D0

120 PFI3(I1)=0.D0

180

FIL{1)=MACH(1)#R(1)*R(1}/KM(1)
FIL(NLI=MACH(NZ )#R{N1 I*R{NX. }/KM({N2}
FI2(1)=K*R{LI*R(1)I/KM(1)I#%2.00
FI2(N1)=K¥R{N1)}*R(NLI/KM(N2)%%2.D0
PFIL(1)=MACH(1)}*R(1)*R(1)
PFIL{N1I=MACH(N2 }*R{N1)}*R(N1)
PFI2(1)=K#R(1)%R{1)/KM(1)

PEIZ(N1 )=K#R(N1 I¥RIN1 I/KMIN2)

www¥ FI3,FI4,FI5 AND PFI3 ARE IDENTICALLY ZERO AT THE END
% POINTS BY VIRTUE OF THE BOUNDARY CONDITIONS.
T(1)=FI1(N1)

T(2)=FI2(N1)

T(3)=0.00

T(4)=0.D0

T(5)20.00

T(6)2PFIL(NI)

T(7)=PFI2(NL)

T(8120.D0

DO 130 JJ=1,8

T2(11=2T(I3)

Na=1

DO 140 I=1,N¢

140.T1(I)=2T2(1)

131
141
132
142
133

143

NG43NGe)

NE=2%%(N4-1)

H62MN/NS

N7=22#N6

SUM=20.00

GO TO (131,132,133,134,135,136,337,138),JJ

DO 141 I=1,N5,2
FII(I'H601)=HACH(I“N7011*R(I*N601)*R(I'NG*I)/KN(I*N7’1)
SUM=SUMeI*FIL( I#N6+1)

GO TO 150

DO 142 XI=1,N5,2
FIZ(I'Nb‘l)=K.(DABS(R(I”Nb‘l)/K"(x“N?‘l)))*’2.00
SUM=SUM4T#FIZ( TaN6él)

GO TO 150

DO 143 I=1,N5,2
FI3(I'N6011=-R(1'N6011*.500’N'N’(R(I“N602’-R(I’NG))’
’(HACH(I'N?‘?’-HﬁCH(I'N7))/(G‘G*K"‘I’N?Ol)"“.UO)
SUM=SUM+ I#F13( Inf6+1)

GO TO 150

ro
ro
0




134 DO 144 I=L1yNS,2
FIGUI%¥N6+1)=-R(I#N6+1)%, SDO¥NEN®{R(INNG4+2)-RIINNG ) In
$(MACH(I®N742)-MACH(INN7) )/ (GHGRKM( I#N741 )%%G DO I¥MACH{ I¥N7+1 )%
SMACHUI#N7+ L IN(KMOI¥NT7+L)%%2,D0~K%K )
144 SUM=SUM+INFI4(IXN6+1) :
- " GO TO 150
135 DO 145 I=1.N5,2
- FIS(IxN64+1)=MACH(I®#N7+1 )%, 25D0#N#NRN¥N®#(DABS( (MACH( I%¥N742 )~
. SMACHUI*N7))%(R(I*N642)~R(I¥NG ) )) 1%%2,D0/(GHKM( I%N7+1.0)%%4.00
145 SUM=SUM+IXFIS(I#N6+1)
GO TO 15¢
136 DO 146 I=1,N5,2
PFIL1(I%N6+1)=MACH(INN741)%R{INNG 4L IXR(I#NG+1)
146 SUM=SUM+I*PFIL(IxN6+1)
GO TO 150.
137 DO 147 I=1,N5,2
PFI2(I*N641)=K*RIINN6+1)I%R{IuN6+1)/KM( TRNZ4Y )
147 SUM=SUM+IXRFI2(IxN6+1)
GO TO 150
138 DO 148 I=1,N5,2
PEI3(I#N6+1)=~ROI%NSG+L )% SDONMNH(R(I*NG+2)~-RIINNG L, #
S(MACH{I#N7+2)-MACHUINNT) )/ (GHKM{I#NT7+1) den2n
$(1.DO/KM{IXN7+1140.500)
148 SUM=SUM+I%PFI3(I¥N6+1)

#x%x THE CONSTANT PART OF (2%RAD), (2.DO/N5), OMITTED FROM ... oo s o

*x%% SUM IS INCLUDED IN THE EXPRESSION FOR T2(1).

150 T2(1)=T1(1}/2.D0+SUM*2,DO/NS*#2
D0 160 I=2,N%
160 T2(I)=(4.DO%*(X-1.D0)%T2(I~1)-T1(I-1))/(4.DOX%(I-1.D0)-1.D0)
. IF (N4.LT.6) GO TO 180
INT(JJ)=T2(N4)
DELINT(JJ)=DABSIINT(JJ)=T1(N4=-1))
IF(DELINT(JJ).LE.5.D~-3%DABS(INT(JJ))) GO TO 170
- IF(NG.LT.NN¢1) GO TO 180..
170 PERCNT(JJ}=0.0
IF(N4.GT.2) PERCNT(JJ)=100.%DELINT(JJ)/DABSIINT(JJ))
NSTEP(JJ)=N4
130 CONTINVE
INTES)=INT(5)/2.D0
PERCNT(9)=PERCNT(5)
HSTEP(9)=NSTEP(5)
D0 175 JJ=1,4
J1zJ.)+5
KRITE(65,9) JJHINT(JII),RERCNT(JJI),NSTEP(JJ )y JJyINT(JL),PERCNTLJ1),
$NSTEP(J1)

9 FORMAT(® INT(',I1,')=*,D12.4,F5.1,' ZUNCER®
$,X,12,' STEPS.',10X,' PINT(',I1,')=2',D12.4,F5.1,"' ZUNCER',X,
$I12,' STEPS.')
175 CONTIMUE
JJs=5
WRITE(6,6) JJHyINT(JJI),PERCNT(JJINSTEPL I
6 FORMAT(' INT(',I1,')=',D12.4,F5.1,' ZUNCER'
$,%X,12,' STEPS.")
FM2INT(1)4INT(2)4INT(3)
FMFRCT=( INT(1)#PERCNT(1)4INT(2)#PERCNT(2)+4INT(3)#PERCNT(3)}/FN
FREINT(1)4INT(2)eINTI3)+INTIG)4INT(S)
° FBFPCT=(INT{1)#FERCNTI1)4INT(2)%PERCNT{2 J¢ INT(3)#PERCNT( 3) ¢ INT( G )0
$FERCNT(4)+INT(5)%PERCNT(5))/FB
FPZINT(6)+INTI7)¢INTI8)AINT(9)
FPPRCTS(INTIGI®PERCNT(6 )4 INT( 7)%PERCNT! 7) ¢ INT( 8 )SPERCNT18)
$+INTIS)*PERCNTI9))/FP

229
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WRITE(6,8) FB.FBpRCTpFH;FﬂPRCT.FP:FPPRCT
8 FORMAT(/* BLOCKHINTSEV ENERGY WEIGHTING FUNCTION =',D12.4,
$5X,F5.1," 7% UNCERTAINTY'/® MOHRING. ENERGY. WEIGHTING FUNCT®,
$'ION 2'5D12.445X,F5.1," % UNCERTAINTY'/,* PHYSICAL ENERGY',
$' WEIGHTING. FUNCTION ='4012.4,5%,F5.1," % UNCERTAINTY',/)
CALL OUTPUT(N1,N3)
1000 CONTINUE :

WRITE(6,10).. -
10.FORMAT( /7" Y}
STOR
END
HEREHuAAARRRERENUNS START OF TSTURM 628 3630360609600 0630 06 3 9690 96 34 90
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93210001

SUBROUTINE TSTURM(NM,N,EPS1,D,E,E2,LB,UB,MM,M,K, 2,
X IERR,RV1,RV2,RV3,RV4,RVS,RV6.]

INTEGER IoJoKoHoNoPsQ.R’S.IIoIP.JJ.HH»HI;HZ.NN»IIS»
X IERR, GROUP, ISTURM

REAL®8 DLN).EiN),EZ(N).H(HM),Z(NH.NM).
X RVl(N)'RVZ(NJ.RVB(N).RVQ(N),RVS(N),RV6(N)
REAL»8 U.V,LB.TI;TZ:UB;UK;XU»XO'XIoEPSl.EPSZ.EPS3.EPSQ.
X NORM,MACHEP

REAL%g DSQRT,DABS,DMAX1,DMIN] ,DF LOAT

THIS SUBROUTINE IS A TRANSLATION OF THE ALGOL PROCEDURE TRISTURM
BY PETERS AND WILKINSON.

HANDBOOK FOR AUTO. COMP., VOL.II-LINEAR ALGEBRA, 418-439(1971).

THIS SUBROUTINE FINDS THOSE. EXGENVALUES OF A TRIDIAGONAL
SYMMETRIC MATRIX WHICH LIE IN A SPECIFIED INTERVAL AND THEIR
ASSOCIATED EIGENVECTORS, USING BISECTION AND INVERSE ITERATION.

ON INPUT:

NM MUST BE SET TO THE ROW DIMENSION OF TWO-DIMENSIONAL
ARRAY PARAMETERS AS DECLARED IN THE CALLING- PROGRAM
DIMENSION STATEMENT;-

N IS THE ORDER OF THE MATRIX;

EPS1 IS AN ABSOLUTE ERROR TOLERANCE FOR THE COMPUTED
EIGENVALUES. IT SHOULD BE CHOSEN COMMEMNSURATE WITH
RELATIVE PERTURBATIONS IN THE MATRIX ELEMENTS OF THE
ORDER OF THE PELATIVE MACHMINE PRECISION. IF THE
INPUT EPS] IS HON-POSITIVE, IT IS RESET FOR EACH
SUBMATRIX TO A DEFAULT VALUE, NAMELY, MINUS THE
PRODUCY OF THE RELATIVE MACHINE PRECISION AND THE
1-MORM OF THE SUBMATRIXS

D CONTAINS THE DIAGONAL ELEMENTS OF THE INPUT MATRIX;

E CONTAINS THE SUBDIAGONAL ELEMENTS OF THE INPUT MATRIX_.. ...

IN ITS LAST N-1 PUSITIONMS. E(1) 1S ARBITRARY;

E2 CONTAINS THE SQUARES OF THE COPRESPONDING ELEMENTS OF E.
E2(1) IS ARBITRARY;

LB AND UB DEFINE THE INTERVAL TO BE SEARCHED FOR EIGENVALUES,
IF LB IS NOT LESS THAN uB, NO EIGEMVALUES WILL BE FOUND;

P SHOULD BE SET TO AN UPPER BOUND FOR THE NUMBER OF
EIGENVALULS IN THE INTERVAL. WARNING: IF MORE THAN
MM EIGEMVALUES ARE DETERMINED TO LIE IN THE INTERVAL,
AN ERROR RETURN IS MADE WITH NO VALUES OR VECTORS FOUND.

2130

93210002

93210003

93210004

93210005

93210006
93210007
93210008
93210009
93210010
93210011
93210012
93210013
$3210014
93210015
93210016
93210017
93210018
93210019
93210020
93210021
93210022
93210023
93210024
93210025
93210026
93210027
93210028
93210029
93210030
93210031
93210032
93210033
93210034

93210035 .

93210036
93210037
93210038
93216039
93210040
$32100¢41
93210042
93210043
93210044
93210045
93210046
93210047
93210048
93210049
930310050
93210051
93210052
93210053
93210054




93210055

| ON.OUTPUT: . 93210056
93210057

; . EPS1 IS UNALTERED UNLESS IT HAS BEEN RESET TO ITS 63210058
r (LAST) BEFAULT VALUE; 93210059
93210060

g O AND.E ARE UNALTERED; .. 93210061
. 93210062
ELEMENTS OF E2, CORRESPONDING TO ELEMENTS OF E REGARDED 93210063

] AS NEGLIGIBLE, HAVE BEEN REPLACED BY ZERO CAUSING THE 93210064
| MATRIX TO SPLIT INTO A DIRECT SUM OF SUBMATRICES. 93210065
‘ E2(1}) IS ALSO SET TO ZERO; 93210066
93210067

M IS THE NUMBER OF EIGENVALUES DETERMINED TO LIE IN (LB,UB); 93210068

93210069

‘ W CONTAINS THE M EIGENVALUES. IN ASCENDING ORDER IF THE MATRIX 93210070
- DOES NOT SPLIT. 1IF THE MATRIX SPLITS, THE EIGENVALUES ARE 93210071
IN ASCENDING ORDER FOR EACH SUBMATRIX. IF A VECTOR ERROR 93210072

EXIT.IS MADE, W CONTAINS THOSE VALUES ALREADY FOUND; 93210073

93210074

' Z CONTAINS THE ASSOCIATED SET OF ORTHONORMAL EIGENVECTORS. 93210075
: IF AN ERROR EXIT IS MADE, Z CONTAINS THOSE VECTORS 93210076
: ALREADY FOUND;_.. —_ 93210077
93210078

I1ERR IS SET TO 93210079

} ZERO FOR NORMAL RETURN, 93210080
3N+l IF M EXCEEDS MM; 93210081

l 4uN+R IF THE EIGENVECTOR CORRESPONDING TO THE R-TH 93210082
: EIGENVALUE FAILS TO CONVERGE IN 5 ITERATIONS; 93210083
93210084

RV1, RV2,.RV3, RV4, RV5, AND RV6 ARE TEMPORARY STORAGE ARRAYS. 93210085

93210086

THE ALGOL PROCEDURE STURMCNT.CONTAINED IN TRISTURM 93210087

. APPEARS IN TSTURM IN-LINE. 93210088

1 93210089.
NOTE THAT SUBROUTINE TQL2 OR IMTQL2 IS GENERALLY FASTER THAN 93210090

TSTURM, IF MORE THAN N/4.EIGENVALUES AND VECTORS ARE TO BE FOUND. 93210091

93210092

GUESTIONS AND COMMENTS SHOULD BE DIRECTED TO B, S. GARBOW, 93210093

AFFLIED MATHEMATICS DIVISION, ARGONNE NATIONAL LABORATORY 93210094

93210095

------------------------------------------------------------------ 93210096

93210097

trtrdiits: MACHEP IS A MACHINE DEPENDENT PARAMETER SPECIFYING 93210098

' THE RELATIVE PRECISION OF FLOATING POINT ARITHMETIC. 93210099
MACHEP = 16.0D0%#%(=-13) FOR LONG FORM ARITHMETIC 93210100

ON S3 [ EEERE RN R 93210101

DATA MACHEP/234)0000008000000/ oo e oo o 93210102

93210103

IERR = 0 93210104

TL = B 93210105

T2 = UB 93210106

trnrarrits LOOK FOR SMALL SUB-DIAGONAL ENTRIES ::sissrsi 93210107

PO %0 I =1, N 93210108

IF (1 .EQ. 1) GO TO 20 93210109

IF (DABS(E{I)) .GT, MACHEP » (DABS(D(I)) + DABS(D(I-1)))) 93210110

X GO TO 40 93210111

20 E2(I) = 0.CDO 93210112

40 CONTINUE 93210113

titriirs: DETEFMINE THE NUMBER OF EIGENVAIVES 93210114

IN THE INTERVAL ssidgtas 93210115

Pzl 93210116

Q=N 93210117

X1 = UB 93210118

ISTURM = ) 93210119

GO TO 320 93210120

60 M =S 93210121

X1 = LB 93210122

J4TURM = 2 93210123

GO TO 320 93210124

80 M =M-S§ 93210125

IF (M .GT, MM) GO TO 980 93210126




Q f 0 93210127
?‘: 3 93210128
sttt ESTABLISH AND PROCESS NEXT SUBMATRIX, REFINING 93210129
INTERVAL BY THE GERSCHGORIN BOUNDS s:sstissss 93210130

100 IF (R..EQ. M) GO TO 1001 93210131
Pz2Q ¢+ 93210132

XU = D(P} 93210133
X0 = D(P) 93210134
U= 0.000 93210135
93210136

D0.120 Q = P, N 93210137

X1 =U 93210138

U = 0.000 93210139

vV = 0.000 93210140

IF (Q .EQ. N} GO YO 110 93210141

U = DABS(EL(Q+1)) 93210142

VvV = E2(Q+l) 93210143

110 XU = DMINL(D(QI-(X1+U)},XU) 93210144
X3 = DMAXL(D(Q)+{X14U},X0) 93210145

IF (V .EQ. 9.0D0) GO TO 140 93210146

120 CONTINUE 93210147
93210148

140 X1 = DMAX1({DABS({XU},DABS(X0)) * MACHEP 93210149
IF (EPS1 .LE. 0.000) EPS1 = -X1 93210150

IF (P .NE. Q) GG TO 180 93210152
t:si2:3:2t CHECK FOR ISOLATED ROOT WITHIN INTEQVAL s3ssidisss 93210152

IF (Tl .GT. D(P) .OR. D(P) .GE. T2) GO TO 940 93210153
R=R+ 1 93210154
92210155

DO 160 I =1, N 9321015%
160 Z(I,R)1.= 0.000 93210157
93210158

W(R) = D(P) 93210159
Z(P,R} = 1.0D0 $3210160

GO TO 940 93210161

180 X1 = X1 % DFLOAT(Q-~P+l) 93210162
LB = DMAXI{T1,XU=~X1l]} 93210163

UB = DMINI(T2,X0¢X1). 93210164

X1 = LB 93210165
ISTURM = 3 93210166

GO TO 320 63210167

200 M1 = 8 + 1 93210168
Xl = UuUB 93210169
ISTURH = & 93210170

G0 TO 320 93210171

220 M2 = § 93210172
IF (M1 .GT. M2} GO TO 940 93210173
trrsitit FIND ROOTS BY BISECTION :stsiisis: 93210174

X0 = UB 93210175
ISTURHM = 5 93210176
93210177

DO 240 I = M1, M2 93210178
RVS(I) = UB 93210179

RV4(I) = LB 93210180

240 CONTINUE $3210181
trsesttss LOOP FOR K-TH EIGENVALUE 93210182

FOR K=M2 STER =1 UNTIL M1 DO -~ 93210183

(-00- MOT USED TO LEGALIZE COMPUTED-GO-TO) f:::ssdisi. 93210184

K = M2 93210285

250 XU = L 93210186
teeiiiiett FOR X=K STEP =1 UNTIL M1 DO -~ 22323l 93210187

DO 260 11 = M1, K 93210188

I =M +#K-1IX ) 93210189

IF (XU .GE. RV4(I)) GO TO 260 93210190

XU = RV4(I) 93210191

GO TO 280 93210192

260 CONTINUE 93210193
) ) 93210154
280 IF (X0 .GT, RV5(K)) X0 = RVSI(K) 93210195
tessssstis NEXT BISECTION STEP it 03210196

300 X1 =2 (XU ¢ X0) % 0,500 93210197
IF ((X0 - XU) .LE. (2.000 # MACHEP » 93210198

X {DABS(XU) ¢ DABSIX0}) + DABS(EPS1))) GO TO 420 93210199

242




-
i
L

320

-4
330

340

360

380

400

420

500

52¢

tr1r21iiit IN-LINE PROCEDURE FOR STURM SEQUENCE IEERRRRRRE:
ssP -1
U = 1.000
DO 340 I = Py Q
IF (U .NE. 0.0D0) GO TO 325
V = DABS(E(I)) / MACHER
GO TO 330
v=EAI) /7 U
U=D(I) =Xl -V
IF (U .LT. 0.000) 8 =S ¢ 1
CONTINUE
GO TO (60,80,200,220,3601, ISTURM
szt REFINE INTERVALS sesatisiee
IF ¢S .GE. K) GO TO 400
XU = X1
1F (S .GE. M1) GO TG 380
RV4(M1} = X1
GO T0.300
RV4(S+1) = X1
IF (RV5(S) .GT. X1) RVS(S) = X1
GO TO 300
X8 = X1
GO TO 300
R R R E R ER] K-THEIGENVALUE FOUND st
RV5(K}) = X1
K=K-1
1F (< .GE. M1) GO TO 250
13s3t23:1t FIND VECTORS BY INVERSE..ITERATION LERE AR R
NORM = DABS(D(P))
IP=P +1
DO 500 I = IP, Q@
NORM = NORM ¢ DABS(D(IY) + DABS(E(I))}
t11:1:::4t EPS2 IS THE CRITVERION FOR GROUPING,
EPS3 REFLACES ZERQ PIVOTS AND .EQUAL.
ROOTS ARE MODIFIED BY EPS3,
EPS4 IS TAKEN VERY SMALL TO AVOID OVERFLOW EES AR AR R
EPS2 = 1.0D-3 % NORM
EPS3 = MACHEP % NORM
UK = DFLOAT(GQ-P+1)
EPS4 = UK » EPS3
UK = EPS4 /7 DSQRTIUK)
GROUP = 0 _
§=P
DO 920 Kk = M1, M2
R=R+1.
11s = 1
WIR) = RVS(K)
X1 = RVS(K}
t3r1s:iiit LOOK FOR CLOSE OR COINCIDENT ROOTS R3tidrsisd
1F (K .EQ. Hi‘' GO TO 520
IF (X1 - X0 .GE. EPS2) GROUP = -1
GROUP = GROUF + 1
IF (X1 JLE. 01 X1 = X0 ¢ EPS3
$si33ettt ELIMINATION WITH INTERCHANGES AND
INITIALIZATION OF VECTOR (AR R AR R

v = 0.000

DO 580 I = Py Q
RV6(I) = UK
1F (I .EQ. P} GO TN 560

1F (DABS(E(I)) .LT. DABS(Y)) GO TO 540

XU = U/ ELI)

Rv4(I) = XU
PV1(1-1) = E(I)
FV2(I-1) = D(1) - X1

233

93210200

93210201

93210202
93210203
93210204
93210205
93210206
93210207
93210208
93210209
93210210
93210211
93210212
93210213
93210214
93210215-
93210216
93210217
93210218
93210219
93210220
93210221
93210222
93210223 -
93210224
93210225
93210226
93210227
9321022
93210229
93210230
93210233,
93210232
93210233
93210234
931110235
31110236
93210237
33210238
03210239
93210240
93210241
93210242
93210243
§3210244
93210245
93110246
93210247
91210248
97210249
93210250
93210251
93210252
93210253
93210254
93210055
93210256
93210257
93210058
93210259
93210260
93210261
93210262
93210263
95210264
93210265
93210266
93210267
93210268




540

560
580

600

620

640

660
680

700

720

740

760

780

RV3(I
IF (&

-1) = 0.000
LNE. @) RV3(I-1) = E(Ie%}

U= V- XUt RV2(I-1}
V = =XU #* RV3(I-1)

G0 TO
XU =
RV4(I
RVI(X
RV2(I
RV3CLX
Uu=0D
IF (1
CONTINUE

TF (U .E
RYL(Q)
RV2(Q)
RV3(Q)

es e s s aas
R R R R ERERY

DO 620 1

580
EIY /7 VU
)= XY
-1y =z U
-1)
-1)
(I

NE. Q) V = E(I+1}

Q. 0.000) U = EPS3
v

0.000

0.000
BACK SUBSTITUTION

FOR I=Q STEP -1 UNTIL P DO == 333t3idil
{=P Q

I1=P+Q~-1II

RV6(T) = (RVG(I) - U * RV2(I) = V % RV3(I)) / RV1(I)
vs=U
U = RV6(I)

CONTINUE

IF (GROU

DO 680 J
J =R
XU =

DO 64
XV =

DO 66
RV6LI

CONTINUE
NORM = 0

DO 720 1

1t ORTHOGONALIZE WITH RESPECT TO PREVIOUS
MEMBERS OF GROUP :33iiiiss

P .EQ. 0) GO TO 700
J = 1, GROUP

- GROUP -~ 1 ¢ JJ
9.0D0

0 I=P Q
XU ¢ RV6(I) * Z(I,J)

Py Q

0Is=
) = RV6(I) - XU * Z(I,J)

.0D0

= P, Q

NORM = NORM + DABS(RV6(I})

1

.

F
F

IF (ITS

{NORM .GE. 1.0D0) GO TO 840

FORWARD SUBSTITUTION @
.£Q. 5) GO TO 960

..
o
.
.

IF (NORM..NE. 0.000) GO TO 740

RV6(S) =
S =8+

EPS4
1

IF (S .GT. @3 8 = P
GO TO 780 ‘
XU = EPS4 / NORM

DO 760 I
RV6(1) =

ss s s s s e
HEE R IR

R

IF (R
Us=R

=P Q
RV6(I) % XU
ELIMINATION

OPERATIONS ON NEXT VECTOR
ITERATE ¢ IEERER]

vetl)

IF RV1(I-1) .FQ. E(I), A ROW INTERCHANGE
WAS PERFORMED EARLIER IN THE
TRIANGULARIZATION PROCESS AR RRRRRRR
v1(1-1) .NE. E(I}) GO TO 809

vet1-1}

201 = 1IF, Q

234

93210269
93210270
93210271
93210272
93210273
93210274
93210275
93210276
93210277
93210278
93210279
93210280
92210281
93210282
93210283
93210284

93210285

93210286
93210287
93210288
93210289
93210290

93210291

93210292
93210293
93210294
93210295
93210296
93210297
93210298
93210299
93210300
93210301
93210302
93210303
93210304
93210305
93210306
93210307
93210308
93210309
93210310
93210311
93210312
93210313
93210314
93210315
93210316
93210317
93210318
93210319
93210320
93210321
93210322
93210323
93210324
93210305
93210326
93210327
93210328
93210329
9321033¢C
93210331
93210332
93210333
93210334
93210335
93210336



ey NENw ¥ Wi

RV6(I-1) = RV6(I)
800 RV6(I) = U - RV4(1) # RV6(I-1} .
820 CONTINUE

ITS = ITS + 1
GO TO 600
trrrrszits NORMALIZE SO THAT SUM OF SQUARES IS
1 AND EXPAND TO FULL ORDER 333 3
840 U = 0.000

..

seveses
sss s

DO 868 I = P, Q
860 U = U ¢ RVH(I)*%2

XU = 1.0D0 / DSQRT(U)

DO 880.X = 1y N
880... .ZLI,R) = 0.000

DO 900 I.= P, Q
900 Z(I,R) = RV6(I) » XU

X0 = X1
920 CONTINVE ...

940 IF (Q .LT. N) GO TO 108

GO TO 1901

te31z2i8tt SET ERROR -- NON-CONVERGED EIGENVECTOR :sdddtsis:
960 XERR = 4 * N + R

SET ERROR ~-- UNDERESTIMATE
EIGENVALUES IN INTERVAL 3t
T% N+

OF NUMBER OF

980 IERR
1001.LB =

st LAST CARD OF TSTURM ssssssdsss
END
AR RNNWRNMANNRNENN%E END OF TSTURM P66 36 9656 6 36 36 26 6 36 36 36 3¢ 2 3¢ 3¢ 3¢
SUBROUTINE FLOPRO(NZ,N)
REAL*8 MACH(-2048)
COMMON MACH
WRITE(6,2)
2. FORMAT(® ONE~-SEVENTH .POWER PROFILE, MAXIMUM M=0.3'/).....
DO 1 I=1,NZ
1 MACH(I)=0.3D0%{1.00-(X-1.D0)/(2%N))#*(1.00/7.00)
RETURN
END
SUBROUTINE OUTPUT{N1,N3)
REAL®*8 MACH{2049),R(1025),FI1(1025),F12(1025),FI3{1025),FI4(1025),
$FI5(1025),PFI1(1025),PFI2(.1025),PFI3(1025)
REAL*¥8 F1.,F2,F3,F4;F5,K
COMMON MACH,R,FIY,F12,F13,FI4,FI5,PFI1,PFI2,PFI3,K
WRITE(6,9)

§ FORMAT(' RADIUS',6X,'EIGENVECTOR',9X, 'MOHRING/BLOCKHINTSEV FLUX'
4, TER!IS PHYSICAL FLUX TERMS',/,29X,.'PRODUCTS My
$'OHRING SHEAR BLOCKH.ADD. ',6X,'PRODUCTS SHEAR'}

-1
DO 190 I=1,N1,N3
L=bl+]
RAD=L/32.0
F1=FI1(I)+FI2(X)
F2=FI3(1) i
F3=FI4(I)4FIS(I)
F4zPFIL(I)+PFI2(I)
F5=PFXI3(1)4FI5(Y1)/2.00
190 WRITE(6,11) RAD,R{I),F1,F2,F3,F4,FB
11 FOFMAT(' *,F7.5,3X,D12.%,3X,D12.4,3X,D012.4,3%,012.4,3X,
$012.4,3X,012.4)
RETURN
END

$3210337
93210338
93210339
93210340
3210341
93210342
93210343
93210344

93210345 —

93210346
93210347
93210348
93210349
93210350
93210351
93210352
93210353
93210354
93210355
93210356
93210357
93210358
93210359
93210360
93210361
93210362
93210363
93210364
93210365
93210366
93210367
93210368
93210369
93210370
93210371

93210372
93210373




Sample Qutput of Program MODE

(8,0) mooE GAMiA= 0.50000401 512 INTERVALS I‘
L82 0.72000400 UB= 0.81000+00 W3 0.80000400

LAMINAR FLOW. PROFILE, .MAXINUM M=0.3

IERR= ¢ K2z 0.7629D¢00
1ERR=: @ K2z 0.76290400

K= —0.8/340+00

INT(l)=2 0.9768D-01 0.0 ZUNCER .6 STEPS, PINTI1)2 0.82430-01 0.0 JUNCER 6 STEPS.
INT(2)2 0.7624De00 0.0 #“UNCER 6 STEPS, PINT(2)2 0.6736D¢00 0.0 YUNCER- 6 STEPS,
INT(3)=  0.1274D-01- 0.0 “UNCER & STEPS. PINT(3)z 0.15960-01 0.0 AUNCER 6 STEPS.
INT(4)2 ~0.24380-04 0.0 AUNCER & STEPS.. PINT(4)®  0.12190-04 0.0.ZUNCER 6 STEPS.
INT(53% Q.24360-04 0.0 ZUNCER. 6 STEPS.

BLOCKHINTSEV ENERGY WEIGHTING FUNCTION 3 0,8728D+00 0.0 % UNCERTAINTY
HOHRING ENERGY WEIGHTING FUNCTION & 0.87280+0¢ 8.0 Z UNCERTAINTY
0.0

PHYSICAL ENERGY- WEIGHTING FUNCTION % 0.77200+00 Z-UNCERTAINTY
RADIUS. EIGENVECTOR HOHRING/BLOCKNINTSEV FLUX TERMS PHYSICAL FLUX. TERMS
PRODUCTS MOHRING SKEAR.- BLOCVM ADD, PROOUCTS SHEAR—
0.0 0.51180+00 0.5266D¢00 0.0 0.c 0.3856D+00 0.0
0.03128 0.51250400 C.5276D+00 0.5649D0-04 ~0.11050-05 0.38950¢u0 0.57100-0¢
0.06250 0.5145D400 0.5305D+00 »22600-03 =0.43580-08 0.3920D+00 .20870-03
0.0937s 0.51790¢00 0.53530+00 0.50870-03 ~0.95810-05 0.39630+00 0.51600-03
0.12500- 0.52270000 0.5422D400 0.90480-03 =0.16%80-04 0.40230+00 0.9206D-~03
0.15625 0.52890+00 0.55090+00 0.1414D-02 ~0.064650-00.———4,41010400 0.14450-02
0.1875¢0 0.5364D400 0.56160400 0.2036D-02 =0.33510-04 0.41960+00. 0.20910-02
0.21875 0.5453D0+00 0.5743D+00 0.27710-02 =0.4279D-0¢ 0.4310D+00 0.28610-02
0.25000 0.5556D¢00 0.588%50+00 0.36150-02 ~0.51580-04 0.44420400 0.3758D-02
0.28125 0.56730400 0.6055D400 0.45600-02 ~0.593¢0-~06. 0.4594D4+00 0.47820-02 :
0.31250 0.58030400 0.62390+00 0.56190-02 ~0.65%40-04 0.47640+00 0.59330-02 !
0.34375 0.5947D+00 0.6441D+00 0.67670-02 =0.69310-0¢ 0.4953D+00 0.72100-02 |
0.37500 0.6104D+00 0.6661D400 0.79980-02 ~0.70470-04 0.51610+00 0.86060-02
0.40625 0.62750¢00 0.6897D+00 6.93010-02 =0.68560-04 0.5388D+00 0.10110-01 - {
0.43750 0.64580+00 0.71480400 - 0.10660-01 ~0.63%10-04 0.56340+00 0.11700-01
0.46875. 0.¢654D400 0.74120400- 0.12650-01 ~0.55080-04 0.5897D+00 0.13410-01
0.50000 0.68610400 8.7686D+30 0.13440-0) =0.4384D-04 6.61760400 0.15150-01
. 0.53125 0.7078D+00 0.79670400 0.14800-01 =0.3024D-04 0.6%690+00 0.16920-01
0.56250 0.7306D+00 0.8352D+00 0.16100-01. =~0.15070-04 0.67740400 0.18670-01
0.59375 0.7541D+00 0.85350400 0.17290-01 0.65210-06 0.7087D+00 0.30350-01
8.62500 0.77830400 C.8811D+00 0.18330-01 -  0.1579D-06 G. 74040400 0.21900-01
0.65625 0.60300400 0.9074De00 0.1915D-0% 0.2911D-04 0.77200+00 0.23250-01
0.68750. 0.8278D¢00 0.83170e00 0.18700-01 0.3950D-0¢ 0.80290+00 0.24320-0i—
y: 0.71875 0.8506D+00 0.9532D+00 0.1693p-01 - 0.4602D-04 0.83240+400 0.25030-01
- 9.75300 0.87700400 0.97100400- 0.19770-01 — 0.48120-04 0.45970+00 6.25270-01
y 8.78125. 0.9006D¢00 0.9842De 03 0.19180-01. 0.,4574D-04 0.883704+00 0.0495D-01.
0.81250 0.92290400 0.9919D400 0.18060-01 0.3944D-08- 0.90360¢00 0.23%60-01-
0.84375- 0.9436D400 0.%931D4+00 0.16420-01 0.30370-0¢ 0.91810+00 0.2200-01
0.87500 0.96200200 0.98680400 0.14210-01- - 0,20200-0¢ 0.9062D+00 0.19600-01
- 0.90625 0.9775D400 0.972304+00 0.1144D-0} 0.1084D-04- 0.90680400 0.16100-01
" 0.93750 0.%8950400 0.94890¢00 0.81050-02 0.40110-05 0.91830+00 0.11650-0%
C.96875 098720400 0.91600400 0.642670-02 0.61480-06 0.90120+00 0.62630-02
= 1.00000 0.10000+01 0.687340400 0.0 0.0 0.873%D+00 %.0 T me

i b bl aac

R il

RRTN




ALOL2. Pragram INTCRTE
The computer propgram LNTGRTE was used to verify the orthogonality
properties derived from the results of Mohring and from the physteal

cnergy equat ion (the integeals in Eqns. (4-30) and (4-34b)). The Block-

hintsev cpass-mode onergy=welght ing funetion (t.e., the integral in Kgn..

(G- 330)) was adso caleulated.

The program uses i Romberg integration scheme similar to that em-
ploved in MODE.  To facilitate the caleulation, cach orthogonality prop-
erty—wits broken up inte several fntegrals. After evaluation of the

individual integrals, the results were then summed .

The Mohring orthogonality exrression is broken up into the following

inteprals,

.'?ManRm«- -

yoqs .. - — RN -

INT(D) KK Jrdy
me

8] mn

9
1 (k. +k_ (1 - MZ) R R
~ f mnoome mnme

1) UL Nedr
INT( KK rdr
0 mnome
dM dl\lll\‘
R .-
! dr m dr -
INT(YD = - f Wy Ty o 2rdy
o yRT KD
mn e
M d l\mn
ol e,
INT(S) - f d ey -~-,,dL 2rdr
v YR KT
mn me

The Bloekhint sev cross-mode encrgv-weight ing tunction is broken up

into the totlowing inteprals,

-} ;)MRman :
INT(1Y - f LK Coopdr
(33 miy me

-y
' \k“” tk (1 -M7) R R
INTCD f ' me o RS edr

K K
0 mn me
JdM dRmv
! ‘\mn
. . ¥ Y R}
(BN - f h . ,-d"~ { 1+ M (l\ - k> )Iirdr
R mn mn
u y KK
mn me

AR




dM.. o
LS
e T T T T
NI = -f 2,2 .2 "‘LlﬂM (K -k ):l 2rdr
o YK K J 0 Ume Tmel
mn mc
2 (&M)z i___ dRmc
l - —
s = dr dr dr.. .~
INT(5) = f T iz

mn mc

The orchogonality expression derived from the physical energy equa-~

tion was broken up into the following integrals. .. ..

2 = = (2
1 MK _+K )= (k -% )1 _ _
o zﬂm%m.
Ik ko \ L
INT(2) = f l_(—_ K—} o0 mc 2rdr.
o
B . R an
1 kmc (1—2k M+ kmckmnM) ¢ dF. — —
INT(3) = f —- 0. 5 55— 2rdr
1 \(k__~-k ) 2K Y K
mn  mel . . mn me
_ _ 2 R cmmndM
kmn (1- 2k M + kmnkm M%) me 47 4F - —
INT(4) = — —— - 5 = 575 2rdr
o \(k -k ) 2K YK
mc mn me mn

The input data to the program INTGRIE consists of one line, which
sets the overald parameters for the program, followed by the two sets of
cigenvalues and cigenfunctions. Before usding INTCGRTE, the cigenvalues—
and cigenfunctions must be calculated using MODE. The subroutine OUTPUT
of MODE must be modified to list out the cigenvalue and eigenfunction in.
formats compatible with FORMAT statements | and—2-in INTCGRTE.

The Input parameters in the first line of data are explained in the

following list.

a) NN s an integer which is less than or equal to 100 1t should be
set to the same value as used in MODE when caleulating the cigen=

functions.
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h) MMODE! is an integer which can.range from 0 to Y-and gives the
¢ ircumferent tal mode number of the first eigenfunction.

) NMODE]1 is an integer which can range from O to 9 and gives the
radial mode number of the first_ eigenfunction.

d) MMODE2 is an integer which can.range from ) to S and gives the
circumferential mode number  of the second eigenfunction.

e) NMODE2  is an integer which can range from .0 to 9 and gives the
radial mede number of the second eigenfunction.

£) G is a REAL*8 number which gives the value of the reduced fre-

quency, Y

Sample output from. INTGRTE is shown .following the program listing.
The results from the Maohring, Blockhintsev and Physical energy flux.are
cach listed separately. The_values of the integrals are first printed
out. _Below—this, the values of the cigenfunctions and the integrands
(excluding the factor 2r) across the duct radius are listed in column
form.

A listing of the program INTGRTE and sample eutput follows.,
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Listing of Program INTGRTE

REAL ®*& K1,K2,G,SUM,INTSUM

REAL¥8 R1(1025),R2(1025),KML(2049),KM2(2049),MACH(2049),
$CF1(1025),CF2(1025),CF3(1025),CF4(1025),T(53,T1(11),T2(21),
$INT(5),PERCNT(5),DELINT(5),CF5(1025)

PEAL%8 DABS

COMMLN MACH,R1,R2,CF1,CF2,CF3,Cr4,CF5

READ(5,3,:™N,MMODEY,NMODE1,MMODE2 ,NMODER, G
3 FORMAT(IZ2.14,311,023.16)
READ(5,1)K1.
1 FORMAT(D23.161
H=2%%NN
NIsN+L
> 2=2%Ned
Ni=2%N.
N8=N/32
READ(5,2) (R1(I),.I=1,N1)
2. FORMAT(3D23.16)
READ(.5,1)K2
READ{5,21 (R2(I), I=1,Nl)

DO 10 I=1,N2

10 MACH(I) = 0,300%(1.D0~((X~-1.D0)/N3)##2)
DO 20 I=1,N2
KM1{I)=1.D0 - K1#MACH(I)

20 KM2(I) = 1.D0 -~ K2#MACH(I}

I9=1

22 WRITE(6,23)IMMODEL,NMODEL ,MMODE2 ,NMODE2,G N K1 ,K2

23 FORMAT('1',15%, 'CROSS MODE INTEGRATION',//»*" (BFS ¢ FREAEY o TR A
$* AND (',I1,',',I1,") MODES',5X,'GAMMAZ ',D11.4,4X,13," INTERVALS',
$/,! K1=',D15.6,5X%,'K2=',015.6,4)-
WRITE(6,24)

24 FORMAT(' LAMINAR FLOW PROFILE, MHAX20.3',/)

60 7O €¢101,301,201),I¢9

PERFORM. INTEGRATIONS USING ROMBERG SCHEME. CF1(I),CF2(X),CF3(I}

CF4tI) AND CFS(I) ARE VALUES OF THE INTEGRANDS EXCLUDING THE
(2%RAD) TERM. T(JJ) ARE INITIAL ESTIMATES IN THE INTEGRATION SCHEME.

MOHRING FLUX TERMS

101 WRITE(6,26)
26 FORMAT(® MOHRING FLUX TERMS.',//)

DO 30 I=1,Nl
CF1¢1.)20.D0
CF2(1)=0.D0
CF3(1)=0.00
30-CF4(11:0.00

CFlt1) = Z.OQ“MACH(I)'RI(I)'RZ(I)/(KH!(I’*KHZ(l))

CFL(N1) = 2.DO*MACHINZ )¥R1(NL I#R2(N1)/(KHIIN2)#KM2IN2)) ‘
CF2(1) = (K14K2)%(1.DO-MACH{1)%%2)%R1(1)#R2(L}I/tKMLILINKM2I1))
CE2(N1) = (K14K2)%{1.D0-MACHINR2)#%2)*RX(NL)I#R2(NL)/tKHLINZ)

$akMRUN2)) , ‘
CF3 AMD CF4 ARE IDENTICALLY ZERO AT THE END POINTS BY
VIRTUE OF THE BOUNDARY CONDITIONS.
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T(1) = CFLINL)
T(2) = CF2(NL)
T(3) = 0.00
Tte) = 0.D00

Do 130 JJ s1,4
T2(1) 5 TLJI)
N4 =1
180 DO 140 I=14N4
140 T1(I) 3 Te(I) .

Na = N4+ 1

N5 s-2##(N4-1)
N6 = N/N5

N7 = 2%N6
sud. = 0.0

0
GO TO (131;132-133;139!.JJ
131 00 141 I=1,N5,2
CFL{T*N6+1) =—Z.DO*HACH(IQN701)*R1(I*Nb#l)*RZ(IﬂN6Q11/(KH1
0(1*"701)IKH2(I*N701LL
141 SUM=SUM + I*CF1(I*Ne ¢ 1)
G0 10 150

132 DO 142 1=1,N5,2
CF21 I%N6+1) = lKlOKZ)“(1.D°-HACN(I*N701)**2)*RI(Ilebll“
‘RZ(I*N6¢1)/(KH1(IﬂNifl\lKNZ(i*N701))
142 SUM = SUMLIHMCFC(I#NG ¢ by}
G0 TO 158
133 00 143 I=1,N5,2
CE3(IxN6+1l) = -O.SOO!N!N*(HACH(I'N702l-~HACN(I!N?)I!;
$th1§N601)*(R2(IleoZ)-RZ(I!N&J)/(G*KﬂllI*N701)*
SKM2{ T¥NT+1) )#%2
143 SuM = SUM ¢ IxCF3{IAN641)
GO TO 150
134 DO 144 I=L.,N5,2
CFOLINNG+L) = -O.SDO'NlNilMACHII!N702)- MACH{ T¥N7))#
tRZ(I'Nébl)“(Rl(I“NGOZ)-thI*N6)l/(G*Kﬂl(I*NIQI)l
SKM2( THNT¢)) Jun2
144 SUM=SUM+ IT#CF 4L I¥N641)
xxu% THE CONSTANT PART OF (2%RAD), (2.00/N5), OMITYED FROM
xwun SUM 1S INCLUDED IN THE .EXPRESSION FGR T2(1).

150 T2(1)5T1(1)/2.D0+SUMN2.DO/NSH*2..
DO 160 1=2.N4 '
160 T:xx;:t«.oonu(1-1.00)n72t1-11-!1L1;111¢(4.00--(1-1.001-1.001
IF(N¢.LT.6) GO TO 180
INTEJJI=T2UNG)
DELINT( JJ)2DABSE INTLIJ)=-TLINA=1})
IF(DELINT(JJJ.LE-S.D-«*DABS(INt(JJ))) GO YO 170
IF(N&.LT.NN+1) GO TO 180
170 PERCNT(JJ)20.0
IF(N&.GT.2) nancurtJJ)=100.~DEL1NT(JJ)/oAssxqu(JJ)L_______
KRITE(6,6) JJ) INT{JJ I, PERCNTLIL) NA ‘
6 FORMAT(® INTL',11,%) 21,D12.4,6X,F5. 2, PER CENT'
s, UNCERTAINTY' 6X,12,* ROMBERG INTEGRATION STYEPS')
130 CONTINUE.
INTSUM=0.00
DO 185 11,64
185 INTSUMZINTSUMAINTLI)
 WRITEl6,188) INTSUM URIQ
168 FORMATL' INT SUN=',D13.5:/7) O
CALL OUTPUT(N1:N8:19)
19219+1
KHITE(6,189)
189 FORMATL///7/747)
Go 10 22

BLOCKHINTSEY FLUX TERMS

301 WRITEL6,326)
306 FORMAT(' BLOCKHINTSEY FLUX TERNS. '+//)

26




DO 329 I=1,Nl
CF111)=0.D0
CF2(I)=0.D0
CF3({1):0.00
CF4(I)=0.00
329 CF5¢(I11=0.D0

CF1(1) = 2.DO*MACH{1}#R1(1)#R2(1)/(KML(2)#*KM2(1}}
CF1(N1) = 2.DOXMACH{NZ2 1¥R1{NL)I¥R2(NL}/(KMI(N2I*KM2(N2))
CF2(1} = (K14K23%(1 . DO-MACH( 1 1#%2 )¥RI(1 IR2(11/(KML(LINKM2(1) )
CF2(N1) = (K1+K21#(1,D0-MACH{N2)*#2)*R1(NL}#R2(N1)/(KMLIN2)
$%KM2(N2))
CF3,CF4 AND CF5 ARE IDENTICALLY ZERO AT THE END POINTS BY
VIRTUE OF THE BOUNDARY..CONDITIONS.

T(1) = CF1(N1)
T(2s =CF2(N1)
T(3) = 06.00
T(4). = 0.00
T(51=0.D00

DO 330.JJ =1,5
T201) = T(JJ)
N4 = 1
380 DO 340 I=1,N4
340 TILI) = T2(I)

N4 = N+ 1
N5 = 2%%(N&4=1)
Né = N/NS
N7 = 2%N6
SUM = 0.00

G0 TO (331,332,333,334,335),4J

331 DO 341 I=1,N5,2
CFL{I¥N641) = 2.DONMACH(I®N7+))%R1(I#N6+1)I#R2(INNG+1)/(KM1
$OIRNT+1IKM2{INN7+1))
341 SUM=SUM ¢ INCFI({I¥NG6- ¢+-1)
GO YO 350
332 DO 342 I=14N5,2
CF2{I®N64+1) = (K1eK2)%(1.DO-MACH{I¥N7+1)#%2)%R1{InN64+1 )%
SR2CINNG+L)I/IKMI( T¥NZ+L I¥KM2( T¥N7¢1))
342 SUM = SUM+IXCFILIxN6- + 1)
GO TO 350
333 DO 343 I=1,N5+2C
CF3{IuN6+1) = ~0.5D0%¥N¥N*{MACH{ I¥N7421~ MACH( IN¥N7) )%
$SRI(I®NOG+LI%(R2({I*¥NO+2 1-R2{ T¥NS ) I/ (GHKMI( INNT+1)n
SKMI(IWNT+1 ) Inuln(1,D0O+{MACHI THN7+1 )%n2 Ju(KML( I#NZ+1 )#%2-K14K1 })
343 SUM = SUM ¢ X%CF3(JI¥N6+1}
GO TO 350
334 DO 344 I=1,N5,2
CFG(I%N6+L) = -0.5DO*N*N*(MACH( T¥N7+2 )~ MACH{I¥N7))»
SR2(IMNG+LIR(RLII*N642)1-RLEINNG ) I/ {GHKMLL I¥NT ¢ )%
SKMO{IwN74Y ) 1uuln( 1, DO+ (MACH{ TAN7+1 )u%2 ) { KM2E T¥N7+) )##2-K2¥K2))
344 SUNM=SUM+ JaCFQEI¥NG6+1)
GO TO 350
335 DO 345 I=1,N5,C )
CFS(I“Né‘II=HACH(I'N7¥l,‘0.SDO'N'N'N“N‘DABS("ACH(I*N702,-"ACH
0(I~N7))ﬂ':~(Rl(I~N602)-RI(I~N61l*(R:lI!&SOZI-RZlIlﬂé))/
$(GUGHKMI(T¥N741 VRKMOE TUNZ41) Jnn2
345 SUM=SUM+I#CF5(I*No+l)
wuns THE COMSTANT PART OF (24RAD), (2.DO/N5), OMITTED FROM
saw® SUM IS INCLUDED IN THE EXPRESSION FOR T2(l)eee

350 T2(11=T1(11/2.0045UM*2 DO/N5¥#2
DO 360 I=2,N4

360 TO(I)=(4,D0%%(I-1.D0)®T2(X=-1)-T1(X-13)/(%.DOR*(1-1.00)-1.D0)
IF({Na.LT.6) GO TO 380
INT(JIISTRING)
DELINT(JJ)=DABS{INT(JJI-TIING-1))
TF(DELINT(JJ),LE.5.D-4*DABS{INT(JJ))) GO TO 370
IF(M6, LT . NNe1) GO TO 380




370 PERCNT(JJ)=0.0
IF(N4.GT.2) PERCNT(JJ)S100.%DELINT(JJ)/DABSIINT(JII)) .
HRITE(6,306) JJ,INTL{JJ},PERCNT(JJ),NG
306 FORMAT(' INT(',Il,') =',D12.4,6X,F5.2,' PER CENT®
$,' UNCERTAINTY',6X,I2,.' ROMBERG INTEGRATION STEPS')
330 CONTINUE
INTSUM=0.D0
0O 385 1=1,5
385 INTSUMSINTSUM#INT(I) —
WRITE(6,388) INTSUM
388 FORMAT(' INT SUM=',D13.5,//)

CALL QUTPUT(N1,N8,I9)
19z19+1.
WRITE(6,389}
389 FORMAT(///7/7777)
GO TO 22

PHYSICAL FLUX TERMS

201 WRITE(6,226)
226 FORMAT(® PHYSICAL FLUX TERMS.',//)

D0 229 I=1,N)
CF1(I)=0.D0
CF2(I)=0.0D0
CF3(I)=0.D0
229 CFa(I)=0.00

CF1(1) = MACH{1)#*({(KML(1)+KM2(1))*%2-(DABS(K1-K2))
$¥%21%R1(1)I%R2(1)/(2.DOMKMLIL )¥KM2(1) )
CFLINL) = MACH(N2)%( (KML1(N2)+KM2(N2))#%#2~({DABS{K1-K2) )#x2)n
$R1IIN1I*R2(N1)/(2.DO%KMIIN2 I*KM2(N2) )
CF2(1) = (K1/KM1{1l) + K2/KM2(1))*R1(1)®R2(1)
CFIIN1) = (K1/KML1(N2) + K2/KM2(N2})I#R1(N1)#R2(N1)

CF3 AND CF4 ARE IDENTICALLY ZEROC AT THE END POINTS BY

VIRTUE OF THE BOUNDARY CONDITIONS.

Til) = CFL(NL)
T(2) = CFC{N1)
T(3) = 0.00.
T(4}) = 0.00

DO 230 JJ =1,4.

T2(1) = TLJS
Ng =1
280 DO 240 I=1,N4
240 TI(I) = Ta(l)

N4 = N4+ 1
N5 = 2¥%(N4-1}
N6 = N/KS
N7 = 2#N6
SUM = 0.00

GO TO (231,232,233,234),JJ

231 DO 241 I=1,N5,2
CFLUI¥N6+1) = MACH(IN741)1%((KMLUI#N7#1)4KM2( I¥N741) )un2
$- (DABSIK1-K2) )2 )¥R1{ IAN6+1 J¥R2( I#N6+11/(2.DONKML(INN7+1)
$aKMI(T*N741))

261 SUM=SUM + ISCF1(I¥N6 ¢ 1)
GO 70 250

232 DO 242 1=1,N5,2
CF2(I%N641) = (K1/KMLUINNZ41) 4 K2/KM2(I#N7¢1))%R1({I#NG#1)
$8PCIIONG+1)

262 SUM = SUMeINCF2(14N6 + 1)
GO TO 250

233 DO 243 1=1,N5,2
CF3(IeN641) = (K2/(K1-K2)-(1.D0-2,DONK2#MACH(I#N7+1) ¢
Sh1eK2WMACH{ ToN741)%%2)/(2 . DOSKMI( T¥NT+1 ) %2 ) )R (TANG 41}
$5(R2(TaNAS2)-R2(T¥N6 } ) %I MACHI 1aN742)~MACH( T¥N7 ) )%0, 5DO%NRN
$/(GokM2(ToNT+1) 1nn2

243 SUM = SUM + IsCF3(1#N6+1)
G0 10 250
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234 DO 24% I=1,N5,2
CF4(I#N641) = (K1/(K2-K1)=(1.D0-2.DO#KINMACH(I¥N7+1) «
SKQUKIWMACH( I¥N7+11%82)/( 2. DONKM2( I%NT7+1 )%%2 ) J¥R2( I#N6+1)
$¥(R1CINNG+2)-RLIIXNG) )% (MACHLI#N742 )-MACH( I%#N7) )#0 5DO#N®N
$/COHKMLIINNT ¢ 1) ) %52

244 SUMz=SUH+IXCF4(INN6+L)
#uu% THE CONSTANT PART OF (2#RAD), (2.DO/N5), OMITTED FROM
#xu% SUM IS INCLUDED IN THME EXPRESSION. FOR .T2(1).

250.T2(11=T1(11/2.D0+SUM*2,D0/NSHx2
DO. 260 I=2,N4
260-T2(1)2(4.00%%{1-1.D0)#T2(1-1)~T1(I-1)1/(4.00%%(I=1.00)-1.D0)
IF(NG.LT.6) GO TO 280
INT(JJI=T2ING)
DELINT(JJ)=DABSCINT(JJI-T1(N4-12)
IF(OELINT(JJ).LE.5.0-4*DABS(INT(JJ})) GO TO.220
IF(N4.LT.NN¢1) GO YO 280.
270 FERCNT(JJ)=0.0
IF(NG.GT.2) PERCNT(JJ)=100.%DELINT(JJ)/DABS(INT(JS))
WRITE£65206) JJ,INT(JJ),PERCNT(JI),NG
206. FORMAT(' INT(',I1,*) =',D12.4,6X,F5.2,* PER CENT®
$," UNCERTAINTY',6X,12,' ROMBERG INTEGRATION STEPS®)
230 CONTINUE
INTSUM=0.D0
00 285 I=1,4
285 INTSUM=INTSUM+INT(I)
WRITE(6,088) INTSUM
288 FORMAT(' INT SUMz',D13.5,//)
CALL OUTPUT(N1,N3,19)
WRITE(6,289)
289 FORMAT(///77/27¢7)
sTOP
END
SUBROUTINE OUTPUT.INL,N3,I9)
REAL®*8 MACH(2049),R1(1025),R2(1025),CF1(1025),CF2(1025),
$CF3(10251,CF4(1025),CF5(1025)
COMMON MACH,R1,P2,CF1,CF2,CF3,CF4,CFS
WRITE(6,9)
9 FORMAT(' RADIUS",12X,'EIGENVECTORS',13X,'CF1',12X, 'CF2',12X, 'CF3’,
$12X,*CF4’, 12X, 'CES' /)
Ls-1
DO 30 I=1,N1,N3
L=L+1
RAD=L/32.0
IF(I19.EQ.2) GO TO 200
190 WRITE(6,I1) RAD,RLII),R2(I),CF1(I),CF2(X),CF3(1),CFa(X) ,
11 FORMATL' *4F7.543X,012.4,3X,012.4,3%X,D12.4,3X,012.4,3%,D12.4, 3%,
$012.4)
60 TO 30
200 KRITE(6,12) RAD,RLLI),RI},CF1(T),CF2CX),CF3(1),CF4(T),
$CF511)
12 FORMAT(' ',F2.5,3X,D12.4,3X,012.4,3X,012.4,3%X,012.4,3X,012.4,3X,..

$012.4,3X,012.4)
30 CONTINUE

RETURN

END
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(0,03 AND (0,1) MODES

Kis

0.8734390 00

GAMMAZ  2.50000 01—

Sample Output of INTGRTE:

Mohring Flux

K22 0.479845D 00

LAMINAR FLOW.PROFILE, MMAX20.3

INT(1). =

INT(2) =

b . INT(3) =
INT(4) =

INT SUM=

RADIVS

0.00000
0.03125
0.06250
0.09375
¢.12500
0.15625
0.18750
0.21875
0.25000
0.28125
0.31250
0.34375
0.37500
0.40625
0.43750
0.646875
0.50000
0.53125
0.5625¢
0.59375
0.62500
8.65625
0.65750
0.71875
0.75000
0.78125
0.81250
0.084375
0.87500
0.90625
0.93750
0.96875
1.00000

MOHRING FLUX TERMS.

-0.16413D 00
0.77452-01

0.62930-01

0.91860-03
0.446960-0%

0 PER CENT UNCERTAINTY

0 PER CENT

8.0
0.00 PER CENT
0.0
0.03 PER CENT

EXIGENVECTORS
0.51140 00 -0.22720 01
0.51250 00 =0.22650 01
0.5145D 00 ~0.224¢4D 0}
0.51790 00 -0.22060 01
0.52270 00 ~0.21610 01
0.52890 00 ~0.21000 01
0.536«D 00 -0.20260 01
0.54530 00 =0.19400 01
0.5556D 00 =0.1842D 01
0.56730 00 -0.17330 01
0.58030 0C ~0.16140 01
0.5947D 00 =0.1486D0 01
0.6104D 00 ~0.13500 01
0.62750 00 -0.1207D 01
0.6%58D 00 =0.10570 01
0.66530 00 =0.90340 00
0.68610 00 ~0.74600 00
0.7078D 00 -0.58660 00
0.73060 00 =0.42670 00
0.75410 00 ~0.26780 0O
0.77830 00O «+0.11150 00
0.803CD 00 0.4066D0-02
$.CLT30 L8 0.1573D 00
0.85260 00 0.32590 00
0.8770D0 00 0.45580 00
0.9006D 00 0.57500 00
0.92290 00 0.68220 00
0.9434D 00 0.7758D 00
0.96300 00 0.8545D0 00
0.97750 00 0.9172D0 00
0.686850 00 0.96290 o0
0.99720 00 0.95060 00
0.10000 01 0.10000 02

UNCERTAINTY
UNCERTAINTY
UNCERTAINTY

CFl

=0.1104D 01

-0.11010 01
-0.10900 01
-0.10720 01
~0.10480 01
-0.1036D 01
-0.97750 00
-0.93310 00
~0,08220 00
~0.82550 00
-0.7634D 00
-0.6967D 00
-0.62590 00
-0.55190 00
~0.47580 00
-0,39850 00
~0.32130 00
-0.24560 00
-0.17280 00
-0.10420 00

«0.41380-01 - .

0.1428D-01
0.61500-01
0.94180-01
0.12650 00
0.14280 00
0.1482L 00
0.14260 %3
9.12750 00
010350 00
0.7276D=01
0.37400-01
£.00000 09

512 INTERVALS

6 ROMBERG INTEGRATION-STEPS
6 ROMBERG INTEGRATION STEPS
6-ROMBERG INTEGRATION STEPS
6 ROMBERG INTEGRATION STEPS

Cr2 CF3
=0.2267D 01 6.00000 00
«0.22620 01 0.42060-03
~0.22480 01 0.17100-02
~0.2224D 0} 0.368320-02
=-0.2191D 01 0.67720-02
~0.214%8D 01 0.18500-01 -
«0.2094D Q) 0.14970-01
-0.20300 Q1 0.20230-01

-0.19550 01 0.25910-01

=0.18670 01 0.32230-01
=~0.17680 01 6.39000-01
=~0.16570 01 0.46090-01
=0.15330 01 0.53390-01
~0.13970 01 0.60730-01
~0.12490 01 0.67970-01
-0.108%0 01 0.7491D-01
=0.91740 00 0.81360-01
-0.7360D0 00 0.87130-01
=0.54600 00 0.91990-01

=0.3493D0 00 0.95760-01

-=0,14800 00 0.98210-01

0.54920~01 8.991M-01

0.25650 ¢ 0.%: D-0a
6.45300 €0 0.95980-01
0.64080 00 0.91610-01
0.81550 00 0.8534D-01 .
0.92320 00 0.77180-01
0.1iG50 0) 0.67250-01

0.12200 0l1- 0.55730-01
0.13030 0} 0.4286D-01
0.13530 01 0.29000-01
0.13710 01 0.14550-01
0.13530 01 0.90000 0O

Cre

£.00000 00
-0.18560-03
-0.73360-03
-0.1618D-02
-0.2796D-02
-0.42110-02
-0.57910-02
-0.74560-02
«0.91140-02
-0.10670-01
-0.12040-01
-0.13120+01
-0.13830-0)
=0.14100-01
-0,13880+01
0,13140-0%
-0,11850-01-
-0.10060-01
-0.77960-02
-0.51490-02
-0.22270-02

0.83300-03

V. 38/10-02

0.67120-02
£.91720-02

0.11070-01

0.1224D-01 -

0.12560-01

0.11510-0%

0.16270-01

0.76590-02

0.41770-02

9.00000 00




€0,0) AND (0,1) MODES
0.8734390 00.-.....

Kz

INT(1) =
INT(2) =
INT(3) =
INT(4Q) =
INT(S) 2
INT $umz

RADIUS

0.00000
0.0312%
0.06250
0.09378
0.12500
0.1562%
¢.18750
0.21875
0.25000
0.28125
0.32250
0.34375
0.37500
0.40628
0.43750

0.46875 -

0.50000
0.53125
6.56250
6.59375
0.62500
0.65625
0.68750
2.71878
0.75000
0.78;25.
0.81250
0.84375
0.87500
0.90625
0.93750
0.96875
1.60000

Sample Output of INTGRTE

CROSS MODE INTEGRATION

GAMMA=

Blockhintsev Flux

0.50000 01
K22 0.4798450.00

LAMINAR FLOW.-PROFILE, MMAX=Q.3
BLOCKHINTSEV F_UX TERNS.

512 INTERVALS

8 PER CENT UNCERTAINTY
G PER CENT UNCERTAINTY
UNCERTAINTY
UNCERTAINTY
UNCERTAINTY

=0.164130 00 0.0
0.7745D-01. 0.0
0.62770-01 0.00 PER CENT
0.82370-03 0.02 PER CENT
0.25400-03 0.01 PER-CENT
0.447350-05

EIGENVECTORS
0.51180 00.  ~0.22720 01
0.51250 00  -0.22650 01
0.51450 00  ~0.2244D 01
0.51750 00  -~0.22090 01.
0.52270 00  ~0.2161D 01
0.52890 00  =0.21000 o1
0.53640 00  -0.2026D 0%

—~ 0.54530 00  -0.19400 01

0.5556D 00.  -0.18420 01
0.56730 00  ~0.1733D 01
-0.58030 00 -0.16140 01
0.59470 00  -0.14860 01
0.6204D 00  ~0.1350D o1
0.62750 00  -0.12070C o1
0.64580 00.  ~0.10570 o01.
0.66530 00  -0.90340 00
0.68510 00  -0.7460D 00
G.70780 00  -0.5866D 00
$.73368 23 $.42570 g0
0.75410 00  -0.26740 00
0.77830 00  -0.11150 00
0.20300 00 0.40660-01
0.82780 00 0.18700 00
0.85260 00 0.32590 00
0.87700 00 0.645580 00
0.90085 00 0.57500 00
0.95°90 00 0.63220 00
0.94300 00 0.77580 00
9.96200 00 0.85450 00
0.977,0 00 0.91720 00
0.98950 00 9.96290 00
0.99720 00 9.99060 00
0.10000 01 9.10000 61

CFl

=0.1104D
~0.11010
“0.1090D
-0.10720
~0.1048D
=0.10160
~0.97750
=0.93310
+0.88220
-0.82550
=0.7634D
=~0.69670
=0.62540
-0.5519D
-0.4758D
~0.3985D
-0.32130
~0.26456D
=2.172%9
=0.10420

=0.41380-
0.14260-
0.6150D-
0.95180-

0.12650
0.14280
0.14820
0.1428D
0.12750
0.16350

0.72760-
0.37400~

01
01
0l
ol
33
[
09
00
00
00.
Qe
oo
00
Q0
00
00
00
06
on
00
01
2%
0l
61
00
(24
00
o
oo
({4
o1
01

8.00000.00

]

6 ROMBERG INTEGRATION STEPS
6. ROMBERG INTEGRATION STEPS
6 ROMBERG INTEGRATION STEPS
6 ROMBERG INTEGRATION. STEPS —
6-ROMBERG INTEGRATION STEPS

cr2

-0.2267D
~0.22620
~0.22480
=0.22240
-0.21910
~0.21440
=0.2094D
-0.2030D0
=0.19550
=0.1867D
~8.17680
=0.1657D
=-0.1533D
=0.13970
~0.1249D
=0.108¢)
=0.917 )
=0.736!0

sl 54400

§)

~0.34930
-0.14800

01...
0l
oL
23
ol
o1 .
33
01
(2%
0l
0l
0l
01
0l
01
01
00
g0
00
00
00

0.54920~01

0.2565D
0.45300
0.64080
0.81550
0.97320
0.11090
0.12200
0.13030
0.13530
0.13730
9.13530

00
0o
uo
00
00
o
01
[ 2}
(23
29
[ 23

Ct3

0.0000D 00
0.42020-03
0.16770-02
0.375%0-02
0.6647D0-02
0.10310-01

0.14710-01 .-

0.19800~-02
0.25510-01
0.31770-01
0.3848D-01

0.4554D-01 ..

0.52810-02
0.60150-01
0.67400-01
0.74370-01.
0.80830-01
0.8671D-01
0.91650-01
0.95490-01
0.98020-01.
0.99060-01
0.98420-01
0.95980-01
0.91640-01.
0.8539D-01
0.7724D-01
0.67300-01.
0.55760-01
0.42880-01
0.29000-01
0.14550- 01
0.00000 00

cra

0.0000D 00
=0.19400-03
~0.76660-03
~0.1690D0-02
~0.29200-02.
=~0.43950-02

-=0.60390~02

=0.77650-02
=0.94880-02
=0.11100-01

- =0.12500-0)

~0.13610-01
=0.14330-01
~0.14590-01
=0.14330-01
~0.1354D-01
=0.12190-01.
=0.10330-01
~0.79870-02
-0.5264D-02
-0.22720-02
8.8479D-03
0.3932Dp-02
0.68020-2¢2
0.92/45-0"
0.13170-0)
0.12330-01
£.12620-01
0.11950-¢1
0.10290-01
0.76670-02
0.41780-02
9.00000 00

Crs

0.00000 00
0.16430-07
0.2602D-06
0.12980-05
0.40160-0%
0.95380-05
0.19120~0¢
0.33920-04
0.55270-04
0.8374D-0%
0.1198D-03
0.16310-03
0.21300-03
0.2677D-03
0.32510-03
0.38220-03
0.43560-03
0.43180-03
0.51690-43.
0.53785-03
0.56:70-03
0.52730-03
0.49420=03
0.4440D-03-
0-.3798D-03
0.30640-03
0.22980-03
0.15660-03
0.93400-04
0.45400-0¢
0.15330-04-
6.21600-05
0.00000 00




(0,0) ANDG (0,1) MODES

Kis

0.87343%0 ¢0..

Sample Output of INTGRTE:.

Physical Encrgy Flux

GAMMAS

0.50000 01

K2z 0.4798450 00

LAMINAR FLOW PROFILE, MMAXS0.%._..

PHYSICAL-ELUX TERMS.

INT(1) =
INT(2) =

=0.7913n-01
0.10530 00

INT(3) =--0.30080-01

INT(4) =
INT Sri=

RADIVS

0.00000
0.03125
0.06250
0.09375
0.12500
0.15625
0.18750
0.21875
0.25000
0.28125
0.31250
0.34375
0.37500
0.40625
0.43750
0.46875-
. 8.50000
0.52125
0.56250
0.59375
0.62500
0.65625
0.68750
0.71875
0.75000
0.78125
0.81250
8.84375
0.87500
0.90625
0.93750
0.96875
1.00000

0.38820-02

0.296810~05 - -

EIGENVECTORS
0.51180 00 -0.22720
0.51250 00 ~0.22650
0.51450 00 ~0.22440
0.51790 €0 -0.2309D
0.52270 00 -0.21610
0.52890 00 -0.21000
0.5354D 00 ~0.20360
0.54530 00 =0,1940D
0.5554D 00 ~0.1842D
0.56730 00 -0.1733D
0.58030 00 ~0.16140.
0.59470 00 =0.14860
0.6104D 00 ~0.13500
0.6275D o0C ~0.1207D
0.6458D 00 ~0.1057D
0.66530 S0 ~0.90340
0.68510 00 ~0.74600
0.70780 00 -0.58660
0.73060 00 ~0.42670
0.75410 00. -0.26780
0.77630 00 ~0.11150
0.80300 00 0.40660-
0.80780 00 0.1870D
§.22%8 &8 0.32530
0.87700 00 0.45580
0.9004D 00 0.57,;00
0.9229D 00 0.68220
0.9436D 00 0.77580
0.96200 00 0.85450
0.97750 00 0.91720
0.98950 00 0.96290
0.99720 00 0.99060
0.10000 01 0.10000

0.00 PER CENT
0.080 PER CENT
0.00 PER CENT
©0.02 PER CENT.

01
01
01
01
0l -
03—
01
33
01
01
01
0%-
01
123
01
00
00
[
1]
00
00
0l
00
co
00
00
00
00
00
00
[}
00
[

UNCERTAINTY
UNCERTAINTY
UNCERTAINTY
UNCERTAINTY...

ch

~0.6587D 00
=0.65700 00
~0.65160 00
=0.64270 00
-0.63030 00
=0.61420 00
~0.,59450 00
=0.57110 00
~0.54420 00
-0.51370 00
~0.47980 00
=0.4426D Q0
«0.40230 00
~0.35930 00
-0.31400 00
-0.26680 00
~0.2185D 00
=0.1697D0 00
~0.1214D 00
~0.74570-01
~0.30170-01
0.10620-01
0.46660~01
9.76830-02
0.10010 00
0.1156D 00
0.12270 ¢8
0.12100 00
0.11070 00
0.9214D-01
0-.66410-01
0.35020-01
0.00000 00

512 INTERVALS

6 ROMBERG INTEGRATION .STEPS
6 ROMBERG INTEGRATION.STEFS
6 ROMBERG INTEGRATION STEPS
-6 ROMBERG INTEGRATION.-STEPS

CF2

~0.2028D 01
~0.20240 01-
-0.20120 01
-0.19910 01
-0.19610 01
~0.19230 01
~0.1876D O1.
-0.18190 01—
~0.17530 01—
-0.1676D 01
-0.15880 01
~0.1490D 01
~0.13800 01
~0.12600 01
~0.11280 01
-0.58490 00
~0.8317D 00
-0.66890 00
-0.4976D 00
-0.31930 00
-0.13580 00
0.50590-01
0.23730 00
£.642220 22
0.5990D 00
0.7670D 00
0.52130 00
0.10580 01
0.11730 01
0.12630 01
0.13250 01
6.3%50 01
0.13530 01

Cr3

0.00000 00
~0.12408-03
-0.49680-~03
=0.11200-02
-0.19960-02.
-0.31280-02
-0.45200-02
-0.61720-02
~0.80870-~02
~0.10260-01-
-0.12690-01
=0.15350-01
~0.1824D-01
-0.21320-01
~0.24560-01
~0.27900-01 .
-0.31270-01.
=0.34610-01
-0.37820-01
-0.40780-01.
~0.4337D-01
=0.45450-01
-0.46890-01
-8.47810-01
~0.47180-01-
-0.45750-01
-0.43100-01
-0.38140-01
~0.33810-01
=0.27120-01
-0.1914D-01
-0.10030:01

0.00000 00

cra

0.00000 00
=0.34960-03
~0.1384D-02
-0.30580-02.
~0.53000-02
~0.80090-02
+0.11060-01
~0.14320-01
~0.17600-01-
~0.20750-01
~0.23580-01
~0.25910-01
~0.27560-01
~0.28380-01
-0.28220-01

~0.27000-01..

~0.24660-01
-0.2118D-01
-0.16630-01
~0.1314D-01
-0.48870-02
0.18550-02
0.87570-02-
0.15410-01
0.21440-01
0.26330-01
0.2964D-01
0.30950-01.
0.29920-01
0.26290-01
0.20000-01
0.11130-01
9.00000 00



Appendix All

TABULATED ENERGY-WEIGHTING FUNCTION RESULTS
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Table. All.do

(0,0) MODE ENERGY-WEIGHTING FUNCTIONS

Physical Energy Flux|Mohring/Blockhintsev Energy Flux
Slug Flow [Mohring|Blockhintsev| Slug Elow
Y Exact Approximation| Exact Exact Approximation |
Mmax =1 0.501 1.080 1.082 1.168 1.168 1.170
one-seventh 1.50.| 1.075 1.082 1.162 1.162 1.170
‘;‘;‘o";’;le 3.00 | 1.055 1.082 1.140 1.140 1.170
6.00| 0.983 1.082 1.061 1.061 1.170
10.00 | 0.845 1.082 0.911 0.911 ... ... 1.170
15.00 | 0.669 1.082 0.720 0.720 1.170
20.00- 0.534 1.082 0.573 0.573 1.170
Mmax,= 0.3] 0.501] 1.245 1.245 1.550 1.550 1.550
one-seventhl 1.50 | 1.229 1.245 1.530 1.530 1.550
gl‘f‘;’gle 3.00 | 1.179 1.245 1.468 1.468 1.550
6.00 ] 1.013 1.245 1.256 1.256 1.550
10.00 | 0.764 1.245 0.942 0.942 1.550
15.00 | 0.544 1.245 0.665 0.665 1.550
20.00 | 0.420 1.245 0.508 0.508 1.550
Mmax = 0.5] 0.50} 1.413 1.408 1.995 1.995 1.983
one-seventhl 1.50| 1.390 1.408 1.962 1.962 1.983
powex 3.00 | 1.318 1.408 1.857 1.857 1.983
profile
6.00{ 1.088 1.408 1.525 1.525 1.983
10.00 | 0.779 1.408 1.075 1.075 1.983
15.00| 0.540 1.408 0.735 0.735 1.983
20.00 | 0.412 1.408 0.554 0.554...... 1.983

249




Table All.1l (cant.)

- YTy e ¥

Physical Energy Flux Mohring/Blockhintsev Energy Elux
, Exace | Siug Flow Mohr ing |Blockhintscv | Slug Flo
Y “Xac Approximation| Exact Exact Approximation |
t = 0.7 | 0.50 | 1.586 1.572 2.506 2. 506. 2.470.
onc-seventh | 1.50 | L.558 1.572 2.459 2.460 . 2.470 —
power 3.00 | 1.468 1.572 2.315 2.315 2.470
profile
6.00 | 1.187 1.572 1.854 1.854 2.470
10.00 | 0.828 1.572 1.265 1.265 2,470
15.00 | 0.566 1.572 0.848 0.848 2.470
- 20,00 ] 0.429 1.572 0.633 0.633 2,470
Mhax = 0.9 0.50 | 1.765 1.735. 3.086 3.087 3,010
one-seventh | 150 | 1,732 1.735 3,029 3,029 3,010
power 3.00 | 1.0628 1.735 2.837 2.837 3.010
profile
6.00 | 1.305 1.735 2,244 2,244 3,010
10.00 { 0.896 1.735 1.501 1.502 3.010
15.00 | 0.607 1.7135 0.991 0.991 3,010
o 20.00 0,457 1.735 0.733 0.734 3.010
Mo = 0,163 ] 0.50 | 1,084 1.082 1.177 1.177 1.170
laminar flow] 1.00 | 1,074 1.082 1. 166 1.166 1.170
prolile 1.50 | 1.058 1.082 1148 1,148 1.170
(same low-
rate as M| 3,00 0,979 1.082 1.059 1.059 1.170
.01 WX
6.00 | 0.760 1.082 0.813 0.813 1.170
one=-seventh
power 10.00 | 0.515 1,082 0.5063 0.563 1.170
protite) 15,00 | 0,397 1.082 0.413 0.413 1.170
20000 | 00324 o082 {00335 | 0S| 170

Ul




Table. All.2

(1.0) MODE ENERGY-WEIGHTING FUNCTIONS

Physical Energy Flux

Energy Flux .

Exact Slug Flow [Mohring[Blockhintsev] Slug Flow
Y T Iapproximation| Exact Exact Approximation
Moo= 0.1 | 2.00 | 0.290 0.288 0.295 0.295 0.296
one-seventh| 3.00 | 0.586 0.592 0.618 0.618. 0.629
power 4.00 | 0.656 0.671 0.699 0.699 G.719
profile L
6.00 | 0.687 0.723 0.736 0.736 0.779
10.00 | 0.656 0.748 0.704 0.704 0.808
15.00 | 0.577 0.756 0.620 0.620 0.818
20,00 | 0.496 0.759 0.532 0.532 0.821
Mo = 0.3 | 2.00 10,348 0.336 0.357 0.358 0.355
one=seventh! 3,00 | 0,650 0.663 0.748 0.748 0.776 .
pawet 4.00 | 0,722 0.760 0.858 0.858 0.915
profile
6.00 | 0.737 0.826 0.894 0.894 1.013
10.00 | 0. 648 0.859 0.792 0.792 1.064
15.00 | 0.515 0.869 0.626 0.626 1.080
o j20.00]0.412 0.873 0.499 0.499 1.086
Moo= 0.5 | 2,00 10,435 0.409 0.446-|  0.452 0.438
one-seventh| 3.00 | 0.723 0.735 0.887 0.889 0.926
power 4,00 1 0,798 0.847 1.035 1.036 1.121
prot ile 1
6.00 | 0.802 0.928 1.080 1.080 1.271
110.00 7 0,681 0.969 0.926 0.926 1.352
115,00 | 0.520 0.982 0.704 0.704 1,377
{20.00 1 0.407 0.987 0.547 (. 547 1.387
PR JRRUSUE QPR S U S APS I S S -
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Table Al1.2 (ccnt.)

= TES 8 s s [4'. Aam-FoEmE: ERE IR BN S IR B W T.:-80% ~.% I NL TR aar 8 2.8 T 2 2Tt oo X3 20822 = : e S 3 E—
Physical Energy Flux| Mohring/Blockhintsev Energy Flux
y Exact | Siug Flow iMohring|Blockhintsev| Slug Flow
Approximation| Exact Exact Approximation
Moo = 0.7 | 2.00 | 0.538 0.497 0.551 0.567 0.536
one-seventh| 3.00 | 0.804 0.810 4 1.032 1.040. 1.078
power 4.00 | 0.880 0.934 1.223 1.227 1.336
profile
6.00 { 0.879 1.028 1.290 1.291 1.549
10.00 | 0.731 1.079 1.094 1.094 1.670
15.00 | 0.547 1.095 0.816 0.816 1.708
20.00 | 0.424 1.101.. 0.625 0.625 1.723
M = 0.9 | 2.000.650 0.595 0.666 0.699 0.642
one-seventh| 3.00 | 0.895 0.889 1.184 1.205 1.232
power 4.00 | 0.971 1.021 1.422 1.432 1.555
profile
6.00 | 0.962 1.128 1.521 1.524 1.845
10.00 | 0.792 1.188 1.292 1.292 2,017
15.00 | 0.588 1.207 0.953 0.953. .. 2,075
20.00 | 0.452 1.214 0.724 0.724 2.095
ax = 0+163] 2.00 [ 0.300 0.288 0.293 0.293 0.296
laminar £low| 3.00 | 0.566 0.592 0.587 0.587 0.629
protile 4.00 | 0.613 0.671 0.643 0.643 0.719
(same flow~-
rate as 6-00 | 0.598 0.723 0.630 0.630 0.779
Max = 91 110200 | 0.495 0.748 0.519 0.519. 0.808
onesseventhly o ga 1y a9 0.756 0.404 0.404 0.818
power
profile 20.00 | 0.322. 0.759 0.332 0.332 0.821

to
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Table All.3

2,0) MODE ENERGY-WEIGHTING FUNC]'1ONS

Phvsical Energy Flux| Mohring/Blockhintsev. Energy Flux
. | Stlug Flow [Mohring|Blockhintsevi Slug Flow
) Exact Approximation| Exuact Exaet Approximation
Mok = 0.1 | 3.50 {0.291 0.292 0.299 0.299. 0.302
one-seventh| 4..00 [ 0.385 0.389 0.401 0.401 0.408
g‘l’xtj“ 5.00 | 0.471 0.481. 0.497 0.497 0.51L...
6.00 | 0.509 0.526 _ | 0.540 0~ 540 0..562
8.00 | 0.535 0.552 0.571 0.5721 0.591
10.00 | 0.536 0.586 0.573 0.573 0.631
15.00 | 0.502 0.604 0.537 0.537 0.652
20.00 | 0.451 0.610 0.483 0.483 0.659 N
anx = 0.3 3.50 | 0.329 0.329 0.348 . 0.349 0.356
one-seventh! 4.00 | 0.424 0.432 0.468 0.468 0.486
power 5.00 | 0.514 0.539 0.592 0.593 0.0631
profile
6.00 | 0.551 0.593 0.648 0.648 0.709
8.00 | 0.5067 0.6406 0.678 0.678 0.786
10.00 | 0.551 0.669 0.604.- 0.664 0.822
15.00 | 0.474 0.693 0.572 0.672 0.857
) ~l0.00 lo.a9si0.701 0.477 | 0.477 | 0.809_
anx = (0,5 3.50 1 0.384 0.382 0.413 0.415 0.423
= one-seventhl 4.00 | 0,474 0.483 0. 544 0,546 0.569
- ::‘If::f’i'lv 5.00 | 0.565 0.598 0.0694 0.695 0.753
_ 6,00 10,612 (. 660 0.7606 0.767 0.862
B 8.00 {0,612 0.723 0.804 - 0.804 0.976
- 10,00 | 0,580 0.752. 0.781 4 0.781 1.0731
15,00 | 0,480 0.781 0,002 0.052 1,087
20.00 | 0,394 0.791 0,528 0.528 1.107

RER]




Table-All.3 (cont.)

Physical Energy Flux | Mohring/Blockhintsev Energy Flux
’ Y | Exact | Slug Flow |Monring Blockhintsev| Slug Flow
Approximation| Exact Exact Approximation
A Moo= 0.7 | 3.50 | 0.4524  0.447 0.489 0.497 0.501.
e one-seventh| 4.00 | 0.533 0.541 0.626 0.633 0.656
? e 5.00 | 0.622|  0.659 0.801 | 0.805 0.877
600 | 0.659 0.227 0.892. | 0.894. 1.018-
8.00 | 0.664 0.799 0.944 0.945 1.177
10.00 | 0.632 0.834 0.917 0.918 1.257
15.00 | 0.514 0.859 0.756 0.756 1.340
20.00 [ 0.413 0.881 0.604 0.604 1.371
M= 0.9 | 3.50 |0.529 0.520 0.573-{ 0.590 0.586
one-seventh| 4.00 [ 0.602 0.605 0.716 0.730 0.750
g:zlee 5.00 | 0.685. 0.722 0.913 0.923 ... 1.003
6.00 |0.721 0.795 1.024 1.031 1.178
8.00 | 0.722 0.842 1.098 1.101 1.300
10.00 | 0.684 0.915 1.070 1.071 1.497
15.00 | 0.552 0.956 0.880 0.881 1.616
20.00 | 0.440 0.971 0.699 0.699 1.660
M =0.163| 3.50 | 0,288 0.292 0.289 0.289 0.302
laminar flow| 4.00 |0.373 0.389 0.380 0. 380 0.408
profile 5.00 |0.443 0.481 0.457 0.457— 0.511
(same flow-
rate as 6.00 | 0.466 0.526 0.484 0.484. 0.562
Moax = 01 | 8.00 [0.464| 0,552 0. 484 0.484 0.591
;:;::“V°“‘h 10.00 | 0.441 0.586 0.460 | 0.460 0.631
profile)  [15.00 |0.371 0.604 0.385 0.385 0.652
20,00 [0.3145  0.610 0.1325 0.325 0.659




Table All.4. . .

(0,.1). MODE ENERGY~WEIGHTING FUNCTLONS

J95

l Physical Energy Flux | Mohring/Blockhintsev Energy Flux
—
[ Exact Slug Flow [Mohring|Blockhintsev| Slug Flow
Y RO Approximation) Exact Exact Approximation
Mmax = 0.1 4.00 1 0.304 0.303 0.309 0.309 0.308
one-seventh| 4.50 | 0.548 0.549 0.569 0.569 0.570
powar 5.00 | 0.675 0.677 0.709 0.709 0.710
profile
6.00 | 0.822 0.818 0.874 0.874 0.867
8.00 | 0.975 0.940 1.048 1.048 1.006
10.00 1 1.077 0.993 1.163 1.163 1.067
15.00 | 1.337 1.043 1.451 1.451 1.125
| 20.00 [ 1.684 1.060 1.832 1.832 1.145
Mmuﬂ = 0.3 4.00 | 0.395 0.383 0.406 0.406 0.396
one=seventh| 4,50 10.614 0.616 0.669 0.669 0.671
power 5.00 | 0.746 0.752 0.840 0.841 0.846
profile
6.00.10.915 0.914. .. 1.07.1 1.071 1.064...
8§.00711.129 1.005 1.371 1.371 1.193
10.00 | 1.319 1.130 1.630 1.630 1.375
15.00 | 1.893 1.194 2,383 7.383 1.472
20,00 | 2,422 1.217 3.063 3.063 1.506
Mm1\ = 0.5 4,00 | 0.530 0.504 0.545 0.546 0.524
one=seventh| 4.50 | 0.709 0.705 0.791 0.792 0.791
pawver 5.00 | 0.831 0.841  ..0.978 0.979 0.989
profile
6.00 | 1.001 1.013 1.257 1.258 1.263
8.00 | 1.243 1.184 1.666 1.666 1.560
10,00 | 1.48] 1.264 2.046 2,047 1.706
15.00 ) 2,177 1.344 3.107 1.107 1.857
20,00 | 2.018 1.372 1,760 3.760 1.912
RV [ S . Y U 0 S W




Table All.4 (cont.)

- .--_V.>;:=:T:—:‘:::::r’:':“;ﬂ:‘;: T.2 2 3.-% :-:—J’:Z:::'f“*':.’2:=-=;~=:=’..—=;.:
Physical Energy Flux. Mohring/Blockhintsev Energy Flux
Exact Slug Flow [Mdhring [Blockhintsev Slug Flow
Y : Approximation| Exact Exact Approximation
Mqu = 0.7 4.00.| 0.684 0.644 0.704 0.706 0.670
one-seventh| 4.50 | 0.826 0.815 0.934 0.937 0.928
power 5.00 | 0.933 0.942 1.127 1.130 1.142
profile. .
6.001]1.092 1.118 1.441 1.442 1.466
8.00.1 1.337 1.305 1.936 1.937 1.852
10.00 { 1.593 1.397 2.415 2.416 2.057
15.00 | 2.330 1.493 3.704 3.704 2.278
L 20.00 | 2.693 1.527 4.317 4.318 2.361
Mqu = (0.9 4,00 ] 0.848 0.792 0.871 0.877 0.826
one-seventh| 4.50 | 0.960 0.939 1.092 1.097 1.079
power 5.00 | 1.049 1.056 1.288 1.293 1.305
profile
6.00| 1.190 1.228 1.626 1.630 1.673
| 8.00 | 1.424 .426 2,191 2.194 2,151
| 10.00 | 1.679 1.530 2.749 2,751 2,423
i 15.00 | 2.422 1.640 4,228 4,229 2.731
o loccof2ar] e e |t ] 280
EMm1x= 0.163| 4.00 | 0.305 0.303 0.312 0.312 0.308
%luminurflow 4,50 10,537 0.549 0.565 0.565 0.570
, profile .
o ! 5.00 | 0,660 0.677 0.711 0.711 0.710
C(same flow-
Crate as 6.00 | 0.838 0.818 0.910 0.910 0.867
Moax = T s00 | 1100 0.940 .223 1.223 1,006
one=seventl g g f o, 37 0.9973 1.530 1,530 1.067
power
profile) 15,007 1,784 1,043 2,004 2. 004 | I
l 20,001 1.555 1.060 1.7.27 1.7.7 1.1
JRUTPUR PR T RUUS, A
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